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Substances, which, when added to a solvent, decrease the surface tension of 
a solvent, are called surface-active agents or surfactants. Being surface active, they 
naturally have a very large impact on chemistry of current interest and also on 
various applications in industries. Surfactants find, in general, several applications, 
e.g., in textile industry, cosrnetics, pharmaceutical, laundering and general 
cleaning uses, in the preparation of paints, lacquers', inks and pigments, in leather 
technology, in petroleum and lubricant and paper industries, in photography, 
printing and graphic arts and in the manufacture of rubber and resins. They also 
have a wide range of applications as emulsifiers and dispersants.' 
All surfactant molecules consist of at least two parts, one which has an 
attraction towards the solvent (the solvophilic part) and another which has not (the 
solvophobic part). When the solvent is water one usually talks about the 
hydrophilic and hydrophobic parts, respectively. The distinct structural feature of a 
surfactant is the hydrophilic region of the molecule or the polar head group which 
may be positive, negative, neutral or zwitterionic and the hydrophobic region or 
the tail that consists of one or more hydrocarbon chains, usually with 6-22 carbon 
atoms. Thus, they are also called amphiphiles, i.e., compounds having both polar 
and nonpolar regions in their molecules. Dependmg on the chemical structure of 
the hydrophilic moiety bound to the hydrophobic portion, the surfactant may be 
classified as cationic, anionic, zwitterionic or nonionic. 
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A special class of surfactants, known as the 'gemini' surfactants, has been 
introduced to the scientific world in the recent past. Gemini^ or dimeric ' 
surfactants are defined as surfactants made up of two identical amphiphilic 
moieties connected at the level of head groups. The head group, like the 
conventional surfactant, can be anionic, cationic, nonionic, or zwitterionic whereas 
the spacer group is hydrophilic or hydrophobic, rigid or flexible. These surfactants 
possess properties that make them superior to conventional monomeric 
surfactants.^ They are more surface active than comparable conventional 
surfactants by orders of magnitude and proven their superiority in various areas of 
surfactant application. 
One of the most characteristic properties of surfactants is their capacity to 
aggregate in solutions. The narrow concentration range over which these 
aggregates form is called the critical micelle concentration (CMC) and the 
aggregates that form are known as micelles. The CMC is very characteristic for 
each surfactant, where dynamic aggregates are formed and it is necessary to know 
the CMC value for the commonly employed surfactants for quantitative 
imderstanding of experimental data. CMC values for commonly used surfactants 
range fi-om 10^ to 10~^  M. Among the factors known to affect the CMC markedly 
in aqueous solutions are: (i) structure of the surfactants, (ii) presence of various 
additives in the solution, (iii) experimental conditions such as temperature, 
pressure, etc. 
Although the exact structure of the micelle is still somewhat controversial, 
just above the CMC it is considered to be roughly globular or spherical. Micelles 
formed in polar solvents are called normal micelles, those formed in nonpolar 
solvents are called reverse micelles whereas the mixing of two or more surfactants 
leads to the formation of mixed micelle. An ionic normal micelle may contain 
three regions mainly: (i) A liquid-like hydrocarbon core, (ii) Stern layer and (iii) 
Gouy-Chapman layer. In a reverse micelle, head group of surfactant molecules 
locate inside to form a polar core and hydrocarbon tails are directed towards the 
bulk solvent to form the outside shell of the micelles. The water molecules are 
strongly associated with the head groups of surfactant. The aggregation properties 
of surfactants in nonpolar media are often altered markedly by the presence of 
traces of water or additives. 
Mixed micelles provide better performance characteristics in their 
applications than those consisting of only one type of surfactants. The CMC of the 
mixed micelles, in most of the cases, fall between the CMCs of pure components, 
but some times it may fall below or raise even above this range. Surfactant 
mixtures are known to have superior chemical and surface active properties over 
the individual surfactants, thereby requiring fewer amounts. Generally, according 
to the conditions, various theoretical models such as Clint,^ Rubingh,' Maeda,* 
Rosen,''^' Motomura,'^''^ Rodenas''* etc., have been used to interpret the 
formulation of mixed micelles. 
The formation of micelles in solution is viewed as a compromise between 
the tendency for alkyl chains to avoid energetically unfavourable contacts with 
water, and the desire for the polar parts to maintain contact with the aqueous 
environment. The determination of the thermodynamic parameters of the 
micellization has played an important role in developing clear understanding of 
the process of aggregation which is necessary for rational explanation of the 
effects of structural and environmental factors on the value of CMC. 
Self-aggregation of surfactants takes place only in presence of a solvent. 
Numerous studies have been carried out on the aggregation process of various 
kinds of surfactants in aqueous medium and the exploration of the aggregation 
process in nonaqueous medium seems to be a recent trend. Organic solvents are 
often used along with surfactants especially for pharmaceuticals, personal care 
products, and paint formulations. The surfactants typically serve as a carrier of 
active ingredients whereas cosolvent imparts beneficial qualities (examples, 
viscosity, volatility, etc.) to the formulations. Thus the investigation of effects of 
organic solvents on the aggregation of surfactants is of considerable practical 
interest. 
A perusal of the literature survey reveals that the binary mixtures of 
conventional surfactants at different experimental conditions have been studied 
comprehensively. However, this is not the case with gemini and the extraction of 
useful information/knowledge about the mixed system containing gemini still 
draws attention from the scientific community. 
In view of the above points, we have studied the aggregation behaviour of 
bis(tetradecyldimethylammonium)alkane dibromide (14-5-14, 2Br~, s = 5, 6) 
gemini surfactants in various water-organic solvent mixtures at different 
temperature ranging between 298.15 K and 323.15 K (298.15 K, 303.15 K, 313.15 
K and 323.15 K). Further, we have studied the mixed micelle formation between 
bis(alkyldimethylammonium)butane dibromide gemini surfactants, referred as m-
4-m, 2 Br~, where m = 14, 16 with their conventional counterparts alkyltrimethyl-
ammonium bromides (alkyl = tetradecyl and hexadecyl) in presence and absence 
of ethylene glycol (EG, at 30 volume%) at the above mentioned temperatures. The 
work has been described in the following four chapters. 
Chapter I is the general introduction wherein a detailed account of the 
surfactants, their classifications, micelle formation and critical micelle 
concentration {CMC), types of micelles, factors affecting the CMC, micellar 
morphology, thermodynamics of aggregation, etc. are outlined. 
Chapter 11 deals with the experimental details which have been followed in 
study. Materials used, their purities, make, etc., are given in tabular form. The ' H 
NMR spectra of the synthesized gemini surfactants and their pertinent details are 
also given. 
Chapter III is entitled as Influence of organic solvents and temperature 
on the aggregation behaviour of bis(tetradecyldimethylammonium)alkane 
dibromide gemini surfactants and it contains following three parts: 
(A) Conductometric studies on the aggregation of bis(tetradecyldimethyl-
ammonium)pentane dibromide (14-5-14, 2Br~) in various water-organic 
solvent mixtures at different temperatures. 
In this part, we have presented the effects of addition of the six organic 
solvents and variation in temperature on the micellization of 
bis(tetradecyldimethyIamnionium)pentane dibromide (14-5-14, 2Br~) cationic 
gemini surfactant. The organic solvents chosen for the study, 1,4-dioxane (DO), 
dimethyl formamide (DMF), ethylene glycol (EG), 2-methoxyethanol (ME), 
acetonitrile (AN) and formamide (FA), represent solvents which have lower and 
higher polarity than the universal solvent. The compositions of the solvents were 
widely varied at a particular temperature (303.15 K). In addition, effects of 
temperature variation on micellization and thermodynamic properties were also 
checked. 
(B) Micellization and related thermodynamic parameters of bis(tetra' 
decyldimethylammonium)hexane dibromide (14-6-14, 2Br~) gemini surfactant 
in various water-organic solvent mixtures: Conductometric and fluorimetric 
studies. 
In this section, the influence of above mentioned solvents on the 
micellization of another cationic gemini surfactant bis(tetradecyldimethyl-
ammoniuni)hexane dibromide (14-6-14, 2Br") at four different temperatures has 
been presented. In addition, steady state fluorescence quenching (SSFQ) 
measurements were also performed to calculate the average aggregation number of 
the micelles in various compositions of the mixed media. 
(C) Discussion. 
As we have obtained similar type of results, a combined discussion has 
been made in this section. The results of the part (A) and (B) allow us to conclude 
that: 
(1) Due to the behavior of water-organic solvent mixed media as better 
solvent than pure water (solvophobic effect), micellization process of 
14-5-14, 2Br~ and 14-6-14, 2 Br~ is delayed in presence the studied 
organic solvents. 
(2) At a particular composition of the mixed media, although the 
micellization is not favored as in pure water, it seems that it is 
comparatively more favored in WR-ME and WR-EG mixed media than 
in others (WR-DO, WR-DMF, WR-AN and WR-FA). 
(3) The gradual variation in the amount of organic solvent in the bulk phase 
reveals that the increment in the CMC is less below 20 % (v/v) of the 
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organic solvents and the CMC^iff varied with the compositions of the 
binary mixed media. 
(4) Various thermodynamic parameters of micellization manifest that the 
process is exothermic, and with the increase in the volume% of the 
organic solvents in the binary mixed medium it becomes less favorable, 
(5) With the rise in temperature, the predominance of enthalpic contribution 
over entropic contribution towards Gibbs energy of micellization (AG°) 
was observed and a linear correlation was obtained in the enthalpy-
entropy compensation plots for most of the studied systems. 
(6) The decrease in the average aggregation number of micelles in the 
mixed media with the increase in the volume% of the organic solvent is 
due to the decrease in interfacial Gibbs energy. 
Chapter IV is entitled as Conductometric and fluorimetric studies on the mixed 
micelles of bis(alkyldimethylammonium)butane dibromide, (m-4-m, 2Br~; m = 
14, 16) with alkyltrimethylammonium bromide (C„TAB) surfactants in the 
presence and absence of ethylene glycol 
Here, we have studied the mixed micellization of bis(alkyldimethyl-
ammonium)butane dibromide (referred as m-4-m, 2Br~; m = 14, 16) with their 
conventional monomeric counterparts alkyltrimethylammonium bromide 
(CmTAB), in the presence and absence of ethylene glycol (EG, 30 volume%) at 
different temperatures ranging from 298.15 K to 323.15 K. The average 
aggregation number (A^ agg) of the mixed micelles was calculated from fluorescence 
measurements at 298.15 K. The experimental data were analyzed in the light of 
theoretical models proposed by Clint, Rubingh, and Rodenas. In addition to noting 
the effect of temperature on micellization, various thermodynamic parameters of 
micellization were calculated from the temperature dependence of the CMC 
values. The following conclusions were drawn from the study: 
(1) The higher CMC values, obtained in presence of EG (as compared in 
WR) show that WR-EG solvent mixed medium is better solvent than 
pure water. This is due to the less favored transfer of the surfactant tail 
from the bulk phase into the micellar core in presence of EG. The binary 
combinations of gemini and monomeric surfactants show significant 
deviation from ideal behaviour at higher mole fractions of the gemini 
components. Results show a nonideal attractive interaction between the 
components. 
(2) Rubingh's and Rodenas analyses reveal that the fraction of gemini 
component in the mixed micelles is always higher than the bulk mole 
fractions, both in presence and absence of EG. The non-ideality, 
determined by average interaction parameter (y?av)» was found to be more 
for the mixed micelles formed between the surfactants having higher 
alkyl tail length. 
(3) The negative values of excess free energy of micellization (G^^"*'""^) 
confirm the formation of stable mixed micelles, both in WR and WR-
EG mixed media. 
(4) The decrease in average aggregation number (//ggg) of the surfactant 
mixtures in WR-EG mixed medium than in WR is due to decreased 
interfacial Gibbs energy contribution to Gibbs energy of micellization. 
iVagg values, both in presence and absence of EG, decreased with the 
increase in mole fraction of the gemini surfactant in the mixture and this 
would be due to the structural complexity associated with the gemini 
surfactant on association as two hydrophobic chains per dimeric 
monomer have to be packed in the interior of the micelle. 
(5) The Gibbs energy of micellization (AG°) values are found to be least 
(more negative) for pure gemini surfactants, both in presence and 
absence of EG, due to their ability to transfer more than one chain at a 
time from the background solvent to the micelle phase. The increase in 
AG° with respect to the mole fraction of the monomeric surfactant in 
the mixture shows that their intercalation makes some hindrance to this 
simultaneous transfer. 
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(6) Values of AHl show that mixed micellization of the studied surfactant 
mixtures is exothermic and its magnitude depends on the composition of 
the surfactant mixture, that of the medium, and temperature. For a 
particular composition of the surfactant mixture, the positive values of 
A5° decreased with increase in temperature which implies that the 
ordering of randomly oriented surfactant molecules from the solvated 
form into the micelle structure is more pronounced than the destruction 
of water structure by the increase in the temperature. 
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CHAPTER-I 
QeneraClntroduction 
Surface and interfaces 
The terms 'surface' and 'interface' are two familiar words for physical 
chemists. Although both are boundary between any two immiscible phases such as 
gas/liquid, liquid/liquid, or solid/liquid, the term (surface) is used only in the first 
case, that is, to deal with a boundary between the gas (usually air)/liquid. Because 
of difference in physical, chemical and electrical properties of matter at these 
boundaries from those of the same matter in bulk, two different situations may 
arise. First one is the case in which the contribution of these abnormal properties 
at interfaces to general properties and behaviour of the system is negligible as the 
fraction of total mass localized at the boundaries is so small. The second case is 
that in which the properties at these boundaries play a significant, sometimes a 
major, role. In this case, surfactant is expected to play a main role. Examples for 
such circumstances are when (i) the phase boundary area is so large relative to the 
volume of the system that a substantial fraction of the total mass of the system is 
present at boundaries (as in emulsions, foams and dispersions of solids, etc.) or (ii) 
the phenomena occurring at phase boundaries are so unusual relative to the 
expected bulk phase interactions that the entire behaviour of the system is 
determined by interfacial processes (as in heterogeneous catalysis, corrosion, 
detergency, and flotation, etc.). 
Surfactants, classification and properties 
SURFACTANTS, a convenient contraction of 'SURFace ACTive AgeNTS', 
are the surface-active molecules and necessary criterion for a molecule to behave 
as a surfactant is that it should have amphiphilic character or dual nature 
(solvophobicity and solvophilicity) on dispersing in a solvent. When water is used 
as solvent, generally, the terms hydrophobicity and hydrophilicity are used to 
explain various processes. For convenience, structurally, surfactant molecules can 
be divided into two parts - a nonpolar hydrophobic portion which is called as tail 
and a polar hydrophilic portion called as head. The tail part may consist of one or 
more hydrocarbon chains, usually with 6-22 carbon atoms. The chains may be 
linear or branched, may contain unsaturated portions or aromatic moieties, and 
may be partly or completely halogenated (as in fluorocarbon surfactants) while a 
charged or uncharged hydrophilic species (group) acts as the head part of the 
molecule. 
Hydrophilic Hydrophobic 
(Head Group) ^J^^X) 
Figure 1.1: Schematic representation of a surfactant monomer. 
Due to the dual nature of surfactant molecules, they are also called as 
amphiphiles (coined by Paul Winsor) - the term which was derived from the two 
Greek words amphi{douh\e) and p/7//o5(affmity). The ambivalence of amphiphiles 
towards an aqueous environment leads to phenomena which solutions of simpler 
solute molecules and water do not exhibit. That is, the amphiphilicity of surfactant 
molecules leads them into two characteristic properties, viz. adsorption (surface 
activity) at an interface and aggregation (self-association) in a given medium. 
Adsorption causes for the lowering of surface tension and forms monolayers, films 
and multilayers. The formation of different types of aggregates like micelles, 
vesicles and membranes is due to the self-association capability of the surfactants. 
In a suitable solvent, usually water, they form different type of aggregates in 
which the hydrophobic moieties are shielded from water and the solvated 
hydrophilic moieties being located at the surface of the aggregate.''^ The 
adsorption and self-association abilities of the surfactant molecules are responsible 
for their application in various fields. 
Surfactants are the most versatile products of the chemical industry and 
they are used in many practical applications/areas such as catalysis, paints and 
coatings, dispersions, electronics, flotation of minerals, lubrication, textile 
industry, agrochemicals, fibers, cosmetics, pharmaceuticals, leather technology, 
photography, laundering and general cleaning uses, preparation of inks and 
pigments, petroleum and paper industries, etc. For most industrial chemists, as 
they (surfactants) find applications in almost every chemical industry, a 
fundamental understanding of their unusual properties and phase behaviour is 
necessary. In addition, an understanding of the basic phenomena involved in the 
application of surfactants, such as in the preparation of emulsions and suspensions 
and their subsequent stabilization, in microemulsions, in wetting, spreading and 
adhesion, etc., is of vital importance in arriving at the right composition and 
control of the system involved. This is particularly the case with many 
formulations in the chemical industry. 
Surfactants may be classified according to their particular uses such as 
soaps, detergents, wetting agents, foaming agents, corrosion inhibitors, etc., or by 
the structure they are able to build, as for example, membranes, microemulsions, 
vesicles, liposomes, etc., or based on their origin as biosurfactants (naturally 
occurring surfactants which are found in biological systems- examples: 
phospholipids, fatty acids and bile sahs, etc.), and synthetic surfactants 
(surfactants which are synthesized for the specific domestic or industrial uses). 
However, the most accepted classification is based on their dissociation in water 
i.e., ionicity. Here, one sees whether the surfactant is charged or uncharged, ionic 
or nonionic? The classification is as follows: 
Ionic surfactants 
An ionic surfactant, on dissolution in water, results in a surface-active 
portion that has a net charge. Ionic surfactants can further be classified as cationic, 
anionic and zwitterionic depending on whether the head group is positively, 
negatively or positively & negatively charged. 
Cationic surfactants: The most prevalent cationic surfactants are based on 
quaternary ammonium, imidazolinium, or alkylpyridinium compounds. Although 
less numerous, phosphorus can also be quatemized with alkyl groups to provide 
alkyl phosphonium bromides. Here the surface active head group portion bears a 
positive charge. 
Examples: 
Hexadecyltrimethylammoniumbromide CH3(CH2),5N*(CH3)3Br' 
Hexadecylpyridinium chloride CH3(CH2)i5N*C5H5Cr 
Anionic surfactants'. Alkalialkanoates are the most common anionic surfactants. 
They also include traditional soaps (RCOOTvIa )^, sulphonates (-S03~) and 
sulphates (-0S03~), etc. Here the surface active head group portion bears a 
negative charge. 
Examples: 
Sodium laurate CH3(CH2),oCOO"Na' 
Sodium dodecylbenzene sulfonate CH3(CH2),,Cj,H4S03"Na* 
Zwitterionic surfactants: This type of surfactants can behave as cationic, anionic 
or nonionic species, depending upon the pH of the solution. Both positive and 
negative charges are present in the surface active portion. 
Examples: 
3-(DimethyIdodecylammonio)-
propane-1-sulfonate CH3(CH^),,N*(CH3)2(CH2)3803" 
A -^Dodecyl-A .^A -^dimethyl betaine CH3(CH2),,NMCH3)2CH2COO-
Nonionic surfactants 
As their name implies, nonionic surfactants contain only electrically neutral 
head groups. Ethoxylates (alkylethyleneoxide surfactants) which are generally 
represented asC„E^, where 'n' is the number of methylene groups in the alkyl 
chain and 'm' is the number of ethylene oxide units in the head group, are the 
prevalent nonionic surfactants. Here, the surface active portion bears no apparent 
ionic charge, but has a polar head group (containing hydroxyl groups or 
polyoxyethylene chains). 
Examples: 
Polyoxyethylene monohexadecyl ether CH3(CH2),5(OCH2CH2)2,OH 
Polyoxyethylene octylphenylether C^^Y{^^0{C•2Rfii)^^ 
In a conventional surfactant, the head group is connected to single 
hydrocarbon chain or double hydrocarbon chains (sometimes even triple 
hydrocarbon chains).^ The hydrocarbon chains may be branched also. 
Bolaform surfactants 
Bolaform surfactants consist of two hydrophilic head groups, connected by 
a long, linear polymethylene chain (Figure 1.2). Their self-association ability is 
less, compared to conventional ionic surfactants. However, they show biological 
activity'*'^  and some special bolaforms are capable giving rise to organized 
assemblies of peculiar structure.^ 
^ ^ ^ Long polymethylene chain ^ ^ ^ 
Figure 1.2: Schematic representation of a bolaform surfactant. 
Examples: • 
Hexadecanediyl-1,16-
bis(trimethylammonium bromide) (CH3)3N*(CH2),5N^(CH3)32Br' 
Potassium hexadecanedioate "02C(CH2),4C02"2K* 
Gemini (dimeric) surfactants 
One of the most exciting developments in the field of surfactant chemistry 
is the emergence of the Gemini (dimeric) surfactants. The term 'Gemini 
surfactant', coined by Menger, ^ has become accepted in the surfactant literature 
for describing dimeric surfactants, that is, surfactant molecules containing two 
hydrophobic groups and two hydrophilic groups, connected by a linkage (spacer) 
close to hydrophilic groups. '^^  A schematic representation of a gemini surfactant 
is shown in Figure 1.3. 
Spacer- f I lead 
"Tail '^  Tail 
Figure 1.3: Schematic representation of a gemini surfactant. 
Geminis were known long before to Bunton et al.,' who studied catalysis 
of nucleophilic substitutions by 'dicationic detergents' and to Devinsky et al., 
who reported the surface activity and micelle formation of some new 
'bisquatemary ammonium salts'. Later, Okahara and coworkers'^ prepared and 
examined amphiphatic compounds with two sulfate groups and two lipophilic 
alkyl chains. Menger and Littau^ assigned the name 'gemini' to bis-surfactants 
with a rigid spacer (i.e., benzene, stilbene), but name was then extended to other 
bis or double tailed surfactants, irrespective of the nature of the spacers. 
It was pointed out by Rosen^ that these surfactants could be more surface 
active by orders of magnitude than comparable conventional surfactants 
containing a similar single hydrophobic tail and a single hydrophilic group. As a 
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result, numerous papers appeared in the literature describing the fundamental 
properties of gemini surfactants. Among these gemini surfactants, the cationic 
bis(alkyldimethylammonium)alkane dibromide type, with two tails and a spacer 
separating the two quaternary nitrogen atoms in the heads, designated as m-5-m, 
where m and i' refer to the carbon numbers of the side chains and of the alkanediyl 
spacer, has received more attention. The three structural elements- hydrophilic 
head group, a hydrophobic tail group, and the spacer- may be varied to change the 
properties of the gemini surfactants. The interest in academic circles and among 
scientists at surfactant-producing companies is due the following reasons: 
(i) Their CMC is at least one order of magnitude lower than for the 
corresponding single tail - single head surfactants, on a weight percent basis. 
(ii) They are 10-100 times more efficient at reducing the surface tension of 
water and the interfacial tension at an oil/water interface than conventional 
surfactants. 
(iii) They appear to have better solubilizing, wetting, foaming, and lime-
soap dispersing ability than the conventional surfactants. Some cationic gemini 
surfactants possess interesting biological properties. 
(iv) The aqueous solutions of some gemini surfactants with a short spacer 
show special rheological properties (viscoelasticity, shear-thickening) at relatively 
low concentration. 
(v) Gemini surfactants can be synthesized with an enormous variety of 
structures. In principle, it is possible to connect any two identical or different 
surfactants among the available ones by a spacer group that can be hydrophilic or 
hydrophobic, flexible or rigid, heteroatomic, aromatic, etc. This is only limited by 
the skill of the organic synthetic chemist. Therefore, the structures and properties 
of gemini surfactants can be more finely tuned for a given application than for 
conventional surfactants. 
Although majority of the geminis have symmetrical structures (identical 
head and tails on both end of the spacer), unsymmetrical geminis'"'' ''* and gemini 
with three or more polar groups or tails'^'^ are also known. 
Micelle formation and critical micelle concentration 
One of the most characteristic properties of the surfactant molecules is 
their ability to aggregate in solution. When surfactants are dissolved in water, they 
initially minimize their free energy by creating a monolayer on the air-water 
surface. In this layer, the hydrophobic parts of the surfactants are directed towards 
less polar air, while the hydrophilic groups are directed towards the polar water 
molecules. As the surfactant concentration is increased, the surface becomes 
increasingly populated by surfactant molecules, therefore decreasing the surface 
tension of the solution. On further addition, beyond a critical concentration (when 
the surface is fully occupied), they start to aggregate leading them into a variety of 
structures in which the hydrophilic head groups expose towards aqueous phase 
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and hydrophobic tails away from that. These aggregate structures influence the 
macroscopic solution properties and therefore play important roles in the 
performance of a wide range of industrial and consumer products, including 
detergents, paints, cosmetics and pharmaceuticals. The narrow concentration range 
over which surfactant solutions show an abrupt change in physicochemical 
properties (discontinuous break) is termed the critical micelle concentration 
{CMC) ' and the aggregates thus formed are called micelles. 
The term CMC was established by Davis and Bury defining it as a 
concentration range below which the surfactant molecules in the solution remain 
as monomers and above which practically all additional surfactants added to the 
solution form micelles. CMC is an important property of the surfactants which 
reflects its micellization ability. A good surfactant will have a lower CMC value. 
Below the CMC, the physicochemical properties of ionic surfactants resemble to 
those of strong electrolytes and, above the CMC, these properties change 
dramatically (Figure 1.4), indicating that a highly cooperative association takes 
place. 
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Osmotic pressure 
Turbidity Solubilization 
Magnetic resonance 
CMC Concentration 
Figure 1.4: Changes in the physicochemical properties of surfactant solution 
around the critical micelle concentration. 
The aggregation of surfactants/amphiphilic compounds can be 
demonstrated by measuring solution properties such as surface tension,^ "^^ '* dye 
solubilization,^ ^"^^ 'H-NMR,^^'^° light scattering,^'"" fluorimetry,^ ""^^ Osmotic 
pressure,''^ '''^  electrical conductivity,'*°'''^  ultrasound velocity,''^  against the 
surfactant concentration. The value of CMC depends on the measured solution 
properties and hence a difference in their values is often associated with different 
experimental techniques. This is the reason why a narrow concentration range is 
preferred for the CMC values. 
In a micellar solution, there is always a dynamic equilibrium between the 
surfactant monomers, monolayers and micelles (Figure 1.5). 
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Monomers 
C < CMC 
Monolayer 
OCMC 
Figure 1.5: Surfactant existence in different phases, dependent on surfactant 
concentration. 
Types of micelles 
Although the exact structure of the micelle is still somewhat controversial, 
just above the CMC it is considered to be roughly globular or spherical.'*'''''^  The 
radius of the micelle can not be greater than the stretched-out length of the 
surfactant molecules. 
Micelles formed in polar solvents are called normal micelles and those 
formed in nonpolar solvents are called reverse micelles. Another type is mixed 
micelle which is formed upon mixing of two or more surfactants. All the three are 
briefly discussed below. 
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(A) (B) (C) 
Figure 1.6: Schematic presentation of normal (A), reverse (B) and mixed micelles 
(C). In (C), '^ -'"uxrvA^^ and oj-v/vrxrx^^ indicate different surfactant monomers. 
Normal micelles: An ionic normal micelle may contain three regions (Figure 1.7): 
(i) A liquid-like hydrocarbon core (as the interior part consists of the hydrophobic 
hydrocarbon chains of the surfactant molecules). The radius of this core is roughly 
equal to the length of fully extended hydrocarbon chain (-12-30 A), (ii) An 
aqueous layer surrounding the core of the micelles, called Stern layer. The inner 
part of the electrical double layer is constituted by this layer. It contains the 
regularly charged head groups and 60-90 % of the counterions (the bound 
counterions). The head groups are hydrated by a number of water molecules. One 
or more methylene groups attached to the head group may be wet. The core and 
Stem layer form kinetic micelle, (iii) An outer layer which extends in to further 
aqueous phase, called Gouy-Chapman layer. This layer consists of the remaining 
counterions. The thickness of this layer is determined by the effective ionic 
strength of the solution. 
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Range of 
shear _ 
surface 
Stern layer 
"\^ to a few A 
Gouy-Ch^man 
double layer, up to 
several hundred A 
Figure 1.7: A two dimensional schematic representation of regions of spherical 
ionic micelle. The counterions (X), the head groups (O), and the hydrocarbon 
chains ( -^ ---^ -^V.'-VJ-V^^ ^^  ) are schematically indicated to denote their relative 
locations but not their number, distribution, or configuration. 
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Reverse micelles: In a reverse micelle, head group of surfactant molecules locate 
inside to form a polar core and hydrocarbon tails are directed towards the bulk 
solvent to form the outside shell of the micelle.'*^'" Dipole-dipole"'^'' interactions 
hold the hydrophilic head groups together in the core. The water molecules are 
strongly associated with the head groups of surfactant. The aggregation properties 
of surfactants in nonpolar media are often ahered markedly by the presence of 
traces of water or additives. 
In recent years, the field of reverse micelles has witnessed a significant 
growth of interest, partly due to the finding that proteins, other biopolymers, and 
even bacterial cell can be solubilized in the reverse micellar system: in fact, this 
has permitted the extension of area of interest to new domains, i.e., biocatalysis 
and chemical biotechnology. 
Mixed micelles: Mixing of two or more surfactants in solution leads to the 
formation of mixed micelles. A mixed micelle is an aggregate of surfactant 
molecules composed of different types of surfactants present in solution. They 
provide better performance characteristics in their applications than those 
consisting of only one type of surfactants.^ "^^ ^ The CMC of the mixed micelles, in 
most of the cases, fall between the CMCs of pure components, but some times it 
may fall below " or raise even above"-^^ this range. 
Generally, mixtures with similar structure show ideal mixing, while head 
group, hydrophobic tails and counterion modifications induce significant 
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nonideality. The binary combination of ionic-ionic, ionic-nonionic, and nonionic-
nonionic surfactant systems including a number of bile salts and amphiphilic 
drugs^ ''"^ ^ have been studied. The theoretical approaches are found to be most 
successful in describing the micellar behaviour of anionic-anionic surfactant 
solutions. A generalized multicomponent nonideal mixed micelle model based on 
the pseudophase separation approach is presented by Holland and Rubingh.^ ° 
Surfactant-surfactant interactions in mixed micelles and monolayer formation 
were extensively studied by Rosen.^ '"'^  
Factors affecting the CMC of surfactants 
The factors known to affect the CMC in aqueous micellar solution 
markedly are structure of surfactants, presence of additives (electrolytes, 
nonelectrolytes, or organic solvents) in solution, temperature, pressure, pH, etc. of 
the system and they are briefly discussed below. 
Structure of the surfactants: In general, the CMC decreases as the hydrophobic 
character of the surfactant increases. The reduction in the CMC with the increase 
in the tail length of the surfactant molecule is due to the enhancement in 
hydrophobicity. However, when the number of carbon atoms in a straight chain 
hydrophobic tail exceeds 16, the CMC no longer decreases rapidly with the 
increase in the chain length. After exceeding 18 carbon atoms, the CMC values 
remain substantially unchanged with further increase in the chain length due to 
coiling of these long chains in water.^ ^ 
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The carbon atoms in a branched hydrophobic group appear to have about 
one half the effects of carbon atoms in straight chains. Hydrophobic groups having 
unsaturated bonds usually show a higher CMC than the corresponding saturated 
groups. Surfactants with bulky hydrophobic or hydrophilic groups show higher 
CMC than those with less bulky groups. 
In aqueous medium, ionic surfactants have much higher CMCs than 
nonionic surfactants containing equivalent groups. Zwitterionic surfactants appear 
to have about the same CMCs as ionics with the same number of carbon atoms in 
the hydrophobic groups. The CMC of the ionic surfactant decreases as the 
hydrated radius of the counterion decreases. For usual type of polyoxyethylenated 
nonionic surfactants, the CMC decreases with the decrease in the number of 
oxyethylene units in the polyoxyethylene chain, since this makes the surfactant 
more hydrophobic. 
Presence of additives in solution'. Addition of electrolytes to aqueous surfactant 
solutions may result in a modification of both intramicellar and intermicellar 
interactions. Decrease in the CMC in presence of electrolytes is due to reduced 
repulsion between the electrostatic head groups in the micelles enabling micelles 
to form more easily, i.e., at lower concentration. An increase in size of counterions 
decreases the CMC due to the increase in the hydrophobic character. This is the 
reason why (C3H7)4N^is more efficient in reducing the CMC than(C2H5)4N*, 
which is more efficient than(CH3)4N*. 
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There have been attempts to examine the sahs effect on micelle formation 
in the light of Hofmeister (lyotropic) series.^ '^^ '* The series plays a notable role in a 
wide range of biological and physicochemical phenomena. However, depending 
on the system and type, there may be changes in order in the series. A very recent 
study carried out by Moulik and coworkers^^ shows that, for a given anionic 
surfactant, the order of effectiveness in reducing the CMC decreases in the order 
Mg^^> Cs^> K^> NH4^> Na'>Li ' . The same authors have reported two CMC 
values for a given cationic surfactant in presence of anions like salicylate 
(C7H5O3"), benzoate (C7H5O2"), oxalate (C^O,^), tartrate (C4H,0^''). For a 
given nonionic surfactant, the effect of anions on the CMC follows the order F'> 
Cr> S0^'> Br-> P0^"> C3H50(COO)3"> !"> SCN'and the effect of cations 
follows the order K'> Na"> Rb'> Li"> Ca'^> A?\''^ 
Small amount of organic materials significantly influences the CMC of 
aqueous micellar solutions. Additives like urea has been shown to increase the 
CMC of ionic " and nonionic surfactants. ' For fluorocarbon surfactants, 
addition of urea slightly decreases the CMC}'^ Addition of alcohols produce both 
increase and decrease in CMC of surfactants.^ '^^ ^ A decrease in the CMC has been 
observed with the increase in the carbon number of the linear alcohols (heptyl to 
decyl) in nonaqueous dimethylformamide.'^ ^ Introduction of sugars has been 
known to decrease the cmc of the system.^ ''^ ^ For an ionic surfactant solution, 
decrease^^ as well as increase^ "* in CMC has been reported with different 
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concentrations of acetamide. Amines are more surface active than alcohols at air-
water interface.^ ^ Addition of «-alkylamines (butyl to decyl) have been found to be 
solubilized in micellar phase, leaving the amine group on the surface of the 
micelles.^ ^ These solubilized amines have been reported to form mixed micelles 
with ionic surfactants.^ '"^^ Studies have also been carried out in presence of certain 
organic solvents like ethylene glycol, glycerol, dimethyl sulfoxides, formamide, 
and so forth. Usually, these solvents increase the CMC of the surfactants. More 
discussion about this has been given under the sub-heading relevance of the 
research problem. 
Temperature: The effect of temperature on the CMC of surfactants in aqueous 
medium is somewhat complex; the value appearing first to decrease with the 
temperature to some minimum and then to increase with further increase in 
temperature. For ionic and nonionic surfactants,'"'''"^ the minimum in the CMC 
appears to be around at 25 "C and 50 "C, respectively. Data on the effect of 
temperature on the zwitterionic surfactants are limited. They appear to indicate a 
steady decrease in the CMC of alkylbetaines with increase in the temperature in 
the range of 6-60 °C.'°^'°' 
Pressure'. Many reports have appeared on the effect of pressure on the micelle 
formation of ionic "' ^ and nonionic surfactants. Although an increase in pressure 
up to 1000 atm increases the CMC, beyond the above pressure a decrease in CMC 
is observed.'°^~"' Such behaviour has been rationalized in terms of solidification 
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of the micellar interior,'^* increased dielectric constant of the water and other 
aspects related to water structure. For nonionic surfactants, the CMC value 
increases monotonously and then levels off with increasing pressure. 
Counterion binding constant 
For an ionic surfactant, micelle formation is associated with two types of 
opposing forces: (i) removal of hydrocarbon chain from the bulk phase to micellar 
phase which favours the aggregation and, (ii) electrostatic repulsion between the 
identically charged head groups, which disfavours the process of aggregation. 
Counterions bound to the micellar interface can cause a screening effect to the 
second type of force of interaction. Therefore, counterion binding is considered 
as an important parameter in the process of micellization."^ Shapes of ionic 
micelles appear to have an influence on the value of counterion binding. Due to 
the presence of effective dielectric charge on the ionic micelles, an electric 
potential is developed at the surface of such micelles. The surface potential value 
controls different processes that take place near the micelle-solution interface. 
Value of counterion binding constant also gives an idea about the fraction of 
counterion dissociated in the micellar solution. 
Aggregation number 
Micelle aggregation number, which is the number of monomers making up 
the micelle, is a fundamental parameter concerning the micelle. It gives an idea 
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about the size of the micelle and is vital in determining the stability and practical 
applications of the investigated systems.''^ ^ It depends on different factors such as 
concentration of surfactant,"'*""^ temperature,'"^"'^° concentration of added 
electrolyte,"^''^'~'^^ organic additives,'^^''^" etc. Various experimental techniques 
like dynamic light scattering (DLS), small-angle neutron scattering (SANS), 
steady-state fluorescence quenching (SSFQ), and time-resolved fluorescence 
quenching (TRFQ), etc. may be used for the determination of aggregation 
number."^-"^''^'-'^o 
In a micellar solution, all micelles may not have the same aggregation and 
polydispersity exists.''*' However, for the sake of simplicity such polydispersity is 
generally ignored for calculation purposes and only monodispersed micelles with 
single aggregation number are taken into account. 
Micellar packing parameters 
The shapes of the micelles produced in aqueous media are of importance in 
determining various properties of the surfactant solution, such as its viscosity, its 
capacity to solubilize water-insoluble materials, and its cloud point. It is known 
that the shape of micelles depends strongly upon the actual packing parameters in 
the micellar assembly.''* '^'''"' A study by Israelachvili''''' developed a general 
theoretical frame work from which the secondary structures formed by a surfactant 
may be deduced based on its molecular geometry. He showed that many 
surfactants can be generalized into certain shape categories, which are likely to 
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produce specific secondary aggregates in aqueous solution. The packing parameter 
(p) determines which aggregate the surfactant is most likely to form. It is 
calculated by dividing the volume of hydrocarbon chains (v) (Table 1.1) by the 
cross-sectional surface area (ao) of the head groups and length of the alkyl chain 
(/c), so that the non-dimensional packing parameter (p) is 
P = - ^ (1.1) 
0 C 
where the tail and volume of the hydrocarbon chain of ric carbon atoms can be 
approximated by correlations of experimental data as: 
/, =1.54 + 1.265«^(A) (1.2) 
V = 27.4 + 26.9A;^(A) (1.3) 
As shown in Table 1.1, spherical micelles are formed when p is lower than 
1/3; wormlike micelles are formed when p has a value in between 1/3 to 1/2; 
vesicles or bilayers are formed when 1/2 < p < 1. When the volume of the 
hydrocarbon part is large relative to the head group area (p > 1), reverse micelles 
are formed. 
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Table 1.1: Aggregate structures with their corresponding paclcing 
parameters 
Effective Shape of the Packing 
surfactant molecule paranieter(/;) Type of aggregation 
Cone 
<ip 
<l/3 
1/3-1/2 
spherical micelles 
- • i* m^'}
truncated cone 
1 
r •-
cylinder 
1/2-1 
wormlike micelles 
mum 
bilayers 
^0 
m T^ 
inverted cone 
>1 
24 
However, it is to be noted that the Eq. (1.1) and its implications listed in 
Table 1.1 present only general guidelines for surfactant structures. Solution 
parameters such as concentration, pH, temperature and solvent polarity may 
heavily modify the specific structures formed. 
Thermodynamics of aggregation 
The formation of micelles in aqueous solution is viewed as a compromise 
between the tendency for alkyl chains to avoid energetically unfavourable contacts 
with water, and the desire for the polar parts to maintain contact with the aqueous 
environment. A clear understanding of the process of aggregation is necessary for 
rational explanation of the effects of structural and environmental factors on the 
value of CMC and for predicting the effect on it of new structural and 
environmental variations. The determination of the thermodynamic parameters of 
the micellization has played an important role in developing such an 
understanding. Two approaches are generally used for this purpose, which are 
phase-separation and mass-action models. In the phase-separation model,^^''*^'''* 
micelles are considered to form separate phase above CMC and in the mass action 
model,^ '^''* '^^ ^ the micelles and unassociated monomeric species are considered to 
be in a kind of association-dissociation equilibrium. In both these treatments, the 
micellization is described in terms of classical system of thermodynamics. 
Phase-separation model: Phase-separation model has been shown to account for, 
at least semi-quantitatively, the observed concentration dependence of apparent 
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molar properties and has been useful in deriving thermodynamic functions of 
micellization using both apparent and partial molar properties. In this model, 
micelles and counterions are treated as separate phase. However, the micelles do 
not constitute a phase according to the true definition of this concept since they are 
not homogeneous and uniform throughout. Similarly, there are problems 
associated with the application of the phase rule'" while considering micelles as 
separate phase. 
Application of the phase-separation model to non-ionic surfactants: To evaluate 
the thermodynamic parameters for the process of micellization a primary requisite 
is to define the standard state. The hypothetical standard state for the surfactant in 
the aqueous phase is taken to be the solvated monomer at unit mole fraction with 
the properties of the infinitely dilute solution. For the surfactant in the micellar 
state, the micellar sate itself is considered to be the standard state. 
If ^s and fi„ are the chemical potentials per mole of the unassociated 
surfactant in the aqueous phase and associated surfactant in the micellar phase, 
respectively, since these two phases are in equilibrium at and above the CMC 
Ms=M„ (1-4) 
For non-ionized surfactant, assuming the concentration of free surfactant 
monomers to be low, we may write 
M,=M:+RT\na^ (1.5) 
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where pt^^ is the chemical potential at standard state. Since the micellar phase is 
treated as a separate phase, the mole fraction of the associated surfactant in this 
phase is equal to one and therefore 
M.=M: 0-6) 
At low concentration of free monomers, the activity a^ is replaced by mole 
fraction X,. 
If the AG° is the standard free energy for the transfer of one mole of surfactant 
from the solution to micellar phase, then 
AG! = Ml -M: = M. -i^.-RTlnxJ = /?nnx, (1.7) 
Assuming that the concentration of free surfactant in the presence of micelle is 
constant and equal to the CMC value in mole fraction scale, i.e.,x^.^^^., then Eq. 
(1.7) transforms to 
AG: =RT In x,^, (1.8) 
XCMC = ""' ( 1 . 9 ) 
Since the number of moles of free surfactant, n^, is small compared to number of 
moles of water, «^ ^ , therefore, Eq. (1.9) can be written as 
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n. 
^CMC (1.10) 
n H,0 
Substituting the value of Eq. (1.10) into the Eq. (1.8) and applying logarithm we 
get 
AG° = 2.303i?r(logCMC - log vv) (1.11) 
where w is the number of moles of water (55.56 mol dm"^  at 25 C). 
Application of Gibbs -Helmholtz equation to Eq. (1.8) gives 
_a_rAG 
dT\ T 
"^  ^_Jd\nx,,,\ AH: 
J dT 
(1.12) 
y 
Hence the standard enthalpy of micellization per mole of monomer, A//°, is 
AHl=-Rr d\nx, CMC 
dT 
= R 51nx CMC 5(i/r) (1.13) 
Also, standard entropy of micellization per mole of monomer, ASl, is given by 
ASl = ^Hl-AG m ^-^ ;„ (1.14) 
Application of phase-separation model to ionic surfactants'. In the calculation of 
AG°, it is necessary to consider the transfer of (l - g)moles of counterions (where 
g is the degree of counterion dissociation) from its standard state to micellar state 
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in addition to transfer of surfactant molecules from the aqueous phase. Therefore, 
Eq. (1.7) can be written as 
AGl=RT\nx,+{\-g)RTlnx^ (1.15) 
where jf^ "^'^  ^x ^^^ ^ e^ mole fractions of surfactant ions and counterions, 
respectively. 
The analogous Eqs. (1.8) and (1.11) for an ionic surfactant in the absence of added 
electrolyte are 
AGl=(2-g)RT\nx,^, (1.16) 
AG° =(2-g)2.303i?r(logCMC-log>v) (1.17) 
It is assumed that micellar phase is composed of the charged aggregate together 
with an equivalent number of counterions, and Eqs. 
(1.16) and (1.17) are approximated to 
AGl=2RT\nx,^, (1.18) 
AG^=4.606i?r(logCMC-logw) (1.19) 
The enthalpy of micellization, A//°, for ionic surfactants is given by 
Mi:=-2RT'(^.^^] (1.20) 
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One main criticism of phase separation model is that it predicts constant activity 
above CMC, which, however, was found to remain constant. Surface tension and 
emf measurements indicate decrease in monomer activity above CMC for ionic 
surfactant. 
Mass-action model: In this model, it is assumed that associated and unassociated 
surfactant ions are in association-dissociation equilibrium and micellization is 
considered as a reversible process. The mass action model was originally applied 
to ionic surfactants but later it was applied to nonionic surfactants also. 
Application of the mass-action model to non-ionic surfactants: The mass action 
model is more appropriate description of the micellar process as it considers the n 
monomers of surfactant S and micelles M to be in equilibrium with one another, 
i.e., 
where K^ is the equilibrium constant, and is given by 
f^ ^ M = ^ (1.21) 
Assuming ideality, we can write 
^ n , = ^ ^ (1.22) 
The free energy of micellization at the CMC is given by 
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AG! = RT 
n 
(1.23) 
where 
2«-l /(«) = - ! l n n ^ | ^ : ^ | + («-l)ln^^^ 
n-2 
n(2n -1) 
2(n'-l) 
(1.24) 
If« is large, Eq. (1.23) reduces to 
AGl=RT\nx,^, (1.25) 
Application of Gibbs -Helmholtz equation to Eq. (1.25) gives 
AHl = -Rr d\nx, CMC 
dT ) s(i/r)i (1.26) 
Application of the mass-action model to Ionic surfactants: The ionic micelle 
M''* is considered to be formed by the association of n surfactant ions,S^, and 
(rt-/?) firmly bound counterions, X' 
nS* +{n-p)X- M'* 
The equilibrium constant for micelle formation, assuming ideality, may be written 
as 
K„ = 
n / v ^"-P (xjixj 
(1.27) 
where x,is the mole fraction of counterion. 
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The standard free energy of micellization per mole of monomeric surfactant is 
given by 
,0 -RT, „ -RT AGl=-^\r\K„=-^\n ^ (1.28) 
At CMC, the above equation reduces to (assuming n is large) 
AG" = ^2-^\RT\nx,^, (1.29) 
Sinceg= —, the above equation is same as Eq. (1.16) obtained from phase 
n 
separation model. 
The standard enthalpy of micellization (per mole of monomer) may be written as 
A//:=-/?rH2-g)(^^^] 
The mass action model is more realistic model than the phase separation 
model in describing the variation of monomer concentration with total 
concentration above CMC. However, it suffers a serious limitation in that it 
considers monodispersity of micelle size inspite of polydispersity. The phase 
separation model assumes constant surfactant activity and hence surface tension 
above CMC although neither of them remains constant. If aggregation number n is 
infinite then mass action and phase separation models are equivalent. 
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Both the mass action and phase separation models, despite their limitations, 
are useful representations of the micellar process and may be used to derive 
equations relating the CMC to the various factors that determine it. Neither mass 
action nor phase separation models are enough to explain the thermodynamics of 
micellization completely. The thermodynamic parameters are determined either by 
calorimetry or by measuring CMC at different temperatures but the results, often, 
don't agree well. So it is clear from the above discussion that more reliable data 
are necessary to overcome the present difficulties in the quantitative interpretation 
of micellization and also should be aware of limitations and analyze findings in 
terms of appropriate models. 
Relevance of the research problem 
Self-aggregation of surfactants takes place only in presence of a solvent. 
The solvophobicity of the tail part of a surfactant molecule towards one solvent 
can change over to solvophilicity in another solvent. Consequently, a particular 
surfactant may form normal micelle, reverse micelle, or no micelle by changing 
the polarity of the solvent. Hence, the solvents play a decisive role in controlling 
the micellization characteristics of the surfactants. Organic solvents are often used 
along with surfactants especially for pharmaceuticals, personal care products, and 
paint formulations. The surfactants typically serve as a carrier of active ingredients 
whereas cosolvent imparts beneficial qualities (examples, viscosity, volatility, etc.) 
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to the formulations. Thus the investigation of effects of organic solvents on the 
aggregation of surfactants is of considerable practical interest. 
Water being the most prominent fluid on earth, extensive studies have been 
reported on the micellization of various kind of surfactants in aqueous medium at 
different conditions. Indeed, micellization has been observed in a variety of 
solvents whose polarity lies either lower or higher than that of water. Apart from 
the pure solvents, the study of micelle formation in mixed solvents containing 
water is also of considerable interest both from fundamental and applied view 
points. To understand the aggregation in mixed solvents, it becomes necessary to 
understand how a range of compositions of solvent mixtures influences the micelle 
formation, as the effects may be different with lower and higher compositions of 
the organic solvents as in the case of alcohols.'^ '^ ^ 
An adequate organic solvent for this type of studies is ethylene glycol, 
since it has resemblance with water in certain characteristics. The molecule is 
small and can form hydrogen bond networks. It also possesses a high cohesive 
energy and a fairly high dielectric constant. Jha et al.'^ "* have studied the 
thermodynamics of micellization of Triton X-100 in water-ethylene glycol 
mixtures and they found that the ethylene glycol-hydrocarbon interactions are 
more favourable than water-hydrocarbon interactions. Similarly, Palepu and 
coworkers' reported the thermodynamic properties of micellization of sodium 
dodecylsulfate (SDS) in water-ethylene glycol mixed medium whereas Ruiz'^ ^ 
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reported the thermodynamics of micelHzation of tetradecyltrimethylammonium 
bromide in water-ethylene glycol mixed medium. Recently, Seguin et al. 
investigated the effects of surfactant head groups on aggregation in water-ethylene 
glycol and water-l,3-propylene glycol mixtures as well as in pure glycol 
solutions. The authors have pointed out the possibility of controlling the surfactant 
aggregation by tuning bulk phase properties. However, it is still not exactly clear 
which property of a solvent controls the micellization process. Moreover, 
quantifying solvophobicity and solvophilicity is still an unsolved problem. 
Studying aggregation behaviour of surfactants in different solvents of varying 
property therefore provides vital information of fundamental and practical 
importance. Continued studies on the micellization behaviour of surfactants in 
various mixed media indicate the importance and relevance of such studies.'^ ^^^^ 
Gemini surfactants have structures and properties which are different from 
those of monomeric surfactants and are said to be "Unique to the world of 
surfactants". They show lower CMC values, better wetting properties, high 
solubilization capacity and are more effective in reducing the surface tension of 
water. Geminis have already been utilized in many fields as in skin care, 
antibacterial regimen, high porosity materials, analytical separations, and 
solubilization processes.'^''" ^ Survey of available literature reveals that only a 
few attempts have been made to study the micellization phenomenon of gemini 
surfactants in water-organic mixed solvent systems.'^ ^"'^ •^  
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In particular, the choice of cationic gemini surfactants was made in an 
effort because of the low toxicity of this type of quaternary ammonium 
surfactants. Also, they exhibit broad spectrum of antibacterial, antifungal activity. 
As such, the gemini surfactants have already been shown to have germicidal 
properties greater than those of traditional monoquatemary surfactants.'^'' This fact 
coupled with the (probable) low toxicity of such compounds, and the observed low 
critical micelle concentrations, suggest that the gemini surfactants may be an 
appropriate ahemative to traditional quaternary ammonium compounds. The 
implications of the results obtained of gemini micellization may also be useful in 
micellar catalysis. The study may give insight about the selection of mixed solvent 
systems for their use in enhanced oil recovery, pharmaceutical and cosmetic 
applications, washings, chemical reactions, etc. In addition, it is crucial to have 
knowledge about the effect of water-organic solvent mixed systems on the 
aggregation of this special class of surfactants for their improved application in 
other areas. 
In view of the above points, we have undertaken a study on the aggregation 
behaviour of bis(tetradecyldimethylammonium)alkane dibromide (14-5-14, 2Br~, s 
= 5, 6) gemini surfactants in various water-organic solvent mixtures. It can be 
seen from the literature that the gemini surfactants bearing 14 carbon atoms in the 
alkyl tail have been studied little compared to the that having 12 and 16 carbon 
atoms in the alkyl chain. Moreover, to our knowledge, till date, no study has been 
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done to evaluate the effect of various organic solvents on the micellization and 
related properties of the studied 14-5-14, 2Br~ geminis. 
As discussed under types of micelles, mixed micelles are superior in 
properties compared to the micelles of individual components due to their 
attainment of enhanced solution properties upon mixing and hence they are more 
preferred in industrial formulations. Although a number of papers are available on 
the mixed micellization of various gemini surfactants with different types of 
amphiphiles, the effect of organic solvents on their mixing behaviour has not been 
explored. Moreover, a quantitative interpretation of the mixed micellar behaviour 
of gemini with conventional surfactants at different temperatures is still lacking. 
Therefore, we have also studied the mixed micelle formation between 
bis(alkyldimethylammonium)butane dibromides, referred as m-4-m, 2 Br", where 
m = 14, 16 with their conventional counterparts alkyltrimethylammonium 
bromides (alkyl = tetradecyl and hexadecyl) in presence and absence of ethylene 
glycol (EG, at a fixed composition) at different temperatures. 
Layout of the thesis 
This thesis consists of the following three chapters: 
Chapter-I: General Introduction. 
Chapter-II: Experimental. 
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Chapter-Ill: Influence of organic solvents and temperature on the aggregation 
behaviour of bis(tetradecyldimethylammonium)alkane dibromide 
gemini surfactants. 
Chapter-IV: Conductometric and fluorimetric studies on the mixed micelles of 
bis(alkyldimethylammonium)butane dibromide, (m-4-m, 2Br~; m = 
14,16), with alkyltrimethylammonium bromide (CmTAB) surfactants 
in the presence and absence of ethylene glycol. 
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CHAPTER-II 
XxperirmntaC 
Materials 
The chemicals used throughout the whole study, along with their 
abbreviations, molecular formulas, sources, and purities, are listed in Table 2.1. 
All the solvents (1,4-dioxane, N,N-dimethylformamide, ethylene glycol, 2-
methoxyethanol, acetonitrile, and formamide) were used as received. 
Synthesis of Gemini surfactants'. There are two important steps in their 
preparation - synthesis and purification. The bis(quatemaryammonium) 
surfactants were synthesized by adopting the following scheme and the procedure 
outlined in the literature. " This method is usually preferred only for .s > 3. A 
mixture oi N, A^-dimethylalkylamine and a, (u-dibromoalkane (molar ratio 2.1:1) 
was refluxed in dry ethanol with continuous stirring at 80 °C for 48h to ensure as 
much as possible a complete bisquatemization. The progress of the reaction was 
monitored by using TLC technique. 
Reflux, dry ethanol 
Br(CH2),Br + 2CH3(CH2U,N(CH3)2 
48 h, 353.15 K 
CH3(CH2V,(CH3)2N -^ (CH2), -N (^CH3)2(CH2U,CH3 2Br-
Protocol for the synthesis of m-5-in, 2Br~ gemini surfactants (m = 14, s = 4, 5, 
6; m = 16,5 = 4). 
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At the end, the solvent was removed under vaccum from reaction mixture 
and the solid thus obtained was recrystallized several times from hexane/ethyl 
acetate mixture to obtain the compound in pure form. The overall yield of the 
surfactants ranged from 70-90%. The surfactants were characterized by ' H N M R 
(pertinent details are given in Figures. 2.1 to 2.4 and Table 2.2). 
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Figure 2.1: *H NMR spectrum of bis(tetradecyldimethylammonium)butane 
dibromide (14-4-14, 2 6 0 in CDCI3. 
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Figure 2.2: ' H N M R spectrum of bis(tetradecyldimethylammonium)pentane 
dibromide (14-5-14, 2Br") in CDCI3. 
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dibromide (14-6-14, 2BO in CDCI3. 
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Figure 2.4: ' H N M R spectrum of bis(hexadecyldimethylammonium)butane 
dibromide (16-4-16, 2Br) in CDCI3. 
59 
Table 2.2: ' H N M R data for the synthesized gemini surfactants. 
Surfactant Group 8(ppm) Number of Protons 
14-4-14,2Br a 0.864-0.878 6 
b+c 1.255-1.351 40 
d 1.752 4 
e 2.068 4 
f 3.311 12 
g 3.419-3.461 4 
h 3.613 4 
i 3.789 4 
14-5-14,2Br a 0.863-0.897 6 
b 1.355-2.556 40 
c 1.582-1.615 4 
d 1.733 2 
e 2.037-2.074 4 
f 2.953 4 
g 
h 
i 
3.387 12 
3.512-3.554 4 
3.813-3.853 4 
(contd.) 
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14-6-14,2Br" a 0.863-0.897 6 
b+c 1.254-1.353 44 
d 1.557 4 
e 1.724 4 
f 1.973 4 
g 2.844 12 
h 3.396 4 
i 3.509-3.711 4 
16-4-16,2Br~ a 0.883 6 
b+c 1.257-1.344 48 
d 1.754 4 
e 2.084 4 
f 3.308 12 
g+h 3.431 8 
i 1.000 4 
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Preparation of solutions: All solutions were prepared using doubly distilled water 
(distilled over alkaline KMn04) whose conductivity was in between 0.5-1.5 i^S 
cni"\ All glass wares were properly cleaned, before use, with chromic acid, then 
with water, and finally by rinsing with doubly distilled water. In all cases, mixing 
of pre-calculated volumes of the organic solvents were done with appropriate 
volumes of water at controlled temperature (298.15 K) to prepare different volume 
percentages of the organic solvent mixtures. The solutions were kept as such at 
least for 6h before preparing the surfactant stock solutions. For mixed 
micellization studies, the desired mole fractions of the gemini and conventional 
surfactants were obtained by mixing pre-calculated volumes of stock solutions. 
Instrumentation 
Conductance measurements: Conductivities were measured with an ELICO 
conductivity bridge (model CM82T) equipped with platinized electrode (cell 
constant =^  1.02 cm''). The conductivity runs were carried out by adding 
progressively concentrated surfactant stock solution into the thermostated solvent. 
The temperature of the system was kept at the desired point (± 0.1 K) by 
circulating water through jacketed container holding the solution under study. 
It is well known that CMC can be determined from the intersection of the 
two straight lines drawn before and after the break in the K VS. surfactant 
concentration plot. We have used the method proposed by Carpena et al.'' which is 
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based on the fitting of the conductivity data (K) as a function of surfactant 
concentration (c) to the integral of Boitzmann-type sigmoidal equation 
«•(,) = /r(o) + A,c + Ac{A, - .4,)ln _^ ,^,, (2.1) 
l+e"'"' / 
where KO, ^ i , A2 and zlc are the conductivity of the solution at zero concentration of 
the surfactant, pre-micellar slope, post-micellar slope and width of the transition, 
respectively. This is one of the most efficient methods, which is being used 
recently, especially for the micellization of ionic surfactants in mixed media where 
probably a weak curvature is obtained. 
The central point on the width of the transition (CQ) corresponds to the cmc, 
and the degree of counter-ion dissociation (g) can be determined from the ratio of 
post-micellar slope to pre-micellar slope as g = A2/Ai (Evan's procedure^). A 
smaller value of Ac means abrupt transition (micellization is highly cooperative), 
while its higher value shows a gradual transition (micellization process is less 
cooperative). In the analysis, KQ was set equal to zero because conductivity of 
solvent was substracted corresponding to each data point. 
Data fitting was carried out by making use of initial guess values ofA^ A2, 
Co and Ac in Eq. (2.1) to calculate an approximate value of conductivity, •^'•"""/r^ , 
corresponding to each surfactant concentration. Chi-square, ;^^, the sum of the 
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squares of the deviations of approximate conductivity from the experimental 
values, defined as 
f=±[^-'-^-K^f (2.2) 
(where N is the number of data points, and AT, and "'''™V, the experimental 
conductivity and approximate conductivity at a given surfactant concentration, 
respectively) was minimized with respect to these parameters and their values 
corresponding to the minimum were then used as the new set of guess values in an 
iterative procedure till x^ effectively stopped decreasing, indicating convergence 
of input and output parameters. The minimized value of x^ gives maximum 
likelihood estimate of model parameters. Eq. (2.1) being nonlinear in the 
parameters, a computer programme for nonlinear least squares fitting of data, as 
described by Press et al.^  and making use of Levenberg-Marquardt algorithm, was 
written with necessary modification to perform the iterative procedure for 
optimization of parameters. The final set of values of KQ, A \ , A2, CQ, and Ac, when 
X^ effectively stopped decreasing, was taken as their best-fit parameters. 
Fluorescence measurements 
Fluorescent probe techniques have been used in a variety of ways to study 
structural and dynamical aspects of surfactant aggregates in solution. The ability 
of surfactant aggregates to compartmentalize solutes has in part led to a number of 
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such studies. As well, the general use of fluorescent methods to study biological 
systems, for which micelles and bilayers have often been considered models, has 
also promoted this type of investigation. '^^  Study on the lifetime of the excited 
probe, excitation and emission spectra, vibronic intensity ratios, anisotropies, 
quantum yields, etc. may be helpful to have information regarding the structure of 
the micelles.^'^'"Quenching studies provide information regarding micellar size as 
well as the dynamic properties of both the micelle and of species solubilized 
therein.''-'^ 
Fluorescence measurements were taken on a Hitachi F-2500 Fluorescence 
spectrometer at an excitation wavelength of 337 nm. Excitation and emission slit 
widths were fixed at 2.5 nm and emission spectra of pyrene were recorded in the 
range 350-450 nm (350-420 nm for mixed micelles). Five vibronic peaks had been 
obtained in all the spectra. The fluorescence intensities of the peaks decreased 
with increase in the quencher concentration without appearance of any new peak. 
Pyrene, used as fluorescent probe, was recrystallized from hexane prior to 
use. Stock solution of pyrene in ethanol was prepared and the desired 
concentration (3 |xM for single micelles, Chapter-Ill; 2 [iM for mixed micelles, 
Chapter-IV) was made by dilution with surfactant solution after evaporating the 
solvent. Hexadecylpyridinium chloride (CiePC) was used as quencher and its 
concentration was varied, confirming full solubilization of probe in the micelles 
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and the Poisson distribution'^'" for quencher. It was ensured that the fluorescence 
Ufetime of pyrene was longer than the residence time of quencher in the micelle. 
^HNMR measurements 
'H N M R spectra of the synthesized geminis were recorded on 300 MHz 
Bruker Cryomagnet spectrometer (Central Drug Research Institute, Lucknow) in 
case of 16-4-16, 2Br~ and 400 MHz Bruker Avance II 400 NMR spectrometer 
(Sophisticated Analytical Instrumentation Facility, Panjab University, Chandigarh) 
in case of 14-5-14, 2Br~ (5 = 4, 5 and 6) in CDCI3 with 'H chemical shifts relative 
to internal TMS. 
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CHAPTER-III 
InfCuence of Organic Solvents ancC 
Temperature on tfle JAggregatixm 
'Befiaviour of 3is(tetradecyQimiet' 
fiyCdninioniuni)aCkane ViBromicCe 
Qemini Surfactants. 
Introduction 
The aggregation behaviour of surfactant molecules under different 
conditions plays important roles in many fields including biology, material 
1 R 
science, chemical engineering and petroleum recovery. " Micellar properties are 
significantly influenced by the presence of additives ?'^'^ Presence of polar organic 
solvents in aqueous micellar solutions will alter the tendency of the surfactant 
molecules to avoid contact with the solvent and, therefore, it is expected to affect 
the critical micellar concentration {CMC), degree of dissociation (g), aggregation 
number, polarity, etc. Changing the solvent quality, therefore, provides an 
opportunity to study the role of the so-called solvophobic effect^ which is used to 
describe the micellization in non-aqueous polar solvents as opposed to the 
hydrophobic effect, responsible for micellization in aqueous media. 
The effect of second solvent in the process of micelle formation in 
surfactant solutions is of great importance since application of surfactants in many 
physicochemical and interfacial phenomena largely depend on it. The amount as 
well as the nature of organic solvent has been known to produce marked changes 
m the properties of surfactants. The study of the aggregation process in presence 
of different organic solvents can, therefore, give a better understanding to exploit 
many fields related to surface and interfacial science. 
Despite the gemini surfactants being more effective to meet various 
practical applications, their micellization behaviour in water-organic solvent 
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mixed media has attracted scant attention.'^'^° On the contrary, studies of 
conventional surfactants in various v^ater-organic solvent mixed media have 
widely been reported.^ '"^^ Further, as can be seen, the studies on the micellization 
behaviour of gemini surfactants in mixed media (water-organic solvent mixtures) 
were carried out only at a few selected compositions of the organic solvents and, 
therefore, a systematic study in which the compositions of the mixed medium are 
varied gradually by the addition of organic solvents is needed. 
In this Chapter, we present the effects of addition of the six organic 
solvents and variation in temperature on the micellization of 
bis(tetradecyldimethylammonium)alkane dibromide (14-5-14, 2Br~ , 5 = 5, 6) 
cationic gemini surfactants. The organic solvents chosen for the study, 1,4-dioxane 
(DO), dimethyl formamide (DMF), ethylene glycol (EG), 2-methoxyethanol (ME), 
acetonitrile (AN) and formamide (FA), represent solvents which have lower and 
higher polarity than the universal solvent. EG and FA are the two organic solvents 
which has closest resemblance in physical parameters (e.g., cohesive energy 
density, high dielectric constant, etc.) to water and this is the reason why a number 
of examples of surfactant aggregation in these medium are found in the literature, 
while in the case of DO, DMF, ME and AN, the studies are scanty. The effect of 
the temperature on the micellization process, in selected compositions of the 
mixed media (in addition to pure water (WR)), was studied at four temperatures 
(298.15 K, 303.15 K, 313.15 K and 323.15 K) to understand the effect of the bulk 
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phase on the thermodynamic parameters related to micellization. Such a study on 
the micellization process of the gemini surfactants in the mixed media is rare in 
the literature.'^'^° 
The objectives of this work were: (i) to investigate the phenomenon of 
micellization under the gradual variation in the polarity of the bulk phase by the 
addition of different organic solvents which may simultaneously provide 
information about the dependence of the properties of the organic solvents, if any, 
on the said process, and (ii) to analyze various thermodynamic parameters of the 
micellization of gemini surfactants with respect to the compositions of the 
different mixed media in the studied temperature range. It is crucial to have 
knowledge about the effect of water-organic solvent mixed systems for their 
proper application in diverse areas of chemistry. The study may give insight about 
the selection of mixed solvent systems for their use in enhanced oil recovery, 
pharmaceutical and cosmetic applications, washings, chemical reactions, etc., as 
organic solvents are often used along with surfactants having low CMC, mild 
nature and compatible with other surfactants, to enhance the qualities of the 
formulations. 
For convenience, the Chapter has been divided into three parts- Part A, B 
and C. In Part-A, resuUs of the micellization behaviour and energetics of 
bis(tetradecyldimethylammonium)pentane dibromide (14-5-14, 2Br~) in presence 
of above mentioned solvents in the temperature range of 298.15 K to 323.15 K 
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are given. In Part-B, in addition to the results of similar experiments with another 
gemini surfactant bis(tetradecyldimethylammonium)hexane dibromide (14-6-14, 
2Br~), results obtained from the steady state fluorescence quenching measurements 
are also given. 
As the results obtained with both the gemini surfactants are of similar 
nature, a combined discussion of various results has been made in part C. 
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(A) 
Conductometric Studies on tfie 
JAggregation of 3is(tetradecy(i{i1n-
etflyCdninL(mlunl)pentane DiBromi' 
de (14-5-14, 2'BT) in yarious 
IVater-Organic SoCvent Mixtures 
at ^Different Temperatures. 
Results 
Specific conductance, K, VS. [14-5-14, 2Br~] plots for the micellization of 
14-5-14, 2Br~ in different water-organic solvent mixed media at 303.15 K, along 
with the results of iterative fitting (Carpena's method), are shown in Figures 3A.1 
to 3A.6. To see the effect of temperature on micellization of 14-5-14, 2Br"gemini 
surfactant, conductometric experiments were also performed in pure water and in 
selected compositions of the mixed media at different temperatures ranging from 
298.15 K to 323.15 K. These plots are shown in Figure 3A.7 (WR) and Figures 
3A.8 to 3A.29, respectively. As observed for the other surfactants in pure WR, the ' 
conductance of 14-5-14, 2Br~ was also found to be increased at different rates 
prior to and after the CMC, both in pure WR and in all the binary water-organic 
solvent mixed media. The pre-micellar slope {A\) was always higher than the post-
micellar slope {A2) and their ratios were used for the evaluation of the values of 
g,'' as 
g = ^ (3.1) 
Here, the slope values obtained from the Carpena's method were used. The 
determined CMC and g values for 14-5-14, 2Br~ in various mixed media at a 
particular temperature (303.15 K) and in selected systems at different temperatures 
are given in Tables 3A. 1 to 3A.4. 
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Plots of CMC values versus vol% of the organic solvents in the mixed 
media and CMQj^(difference in the CMCs at higher and lower temperatures, i.e., 
CMCdiff= CMC323.15 K - CMC298.1S K) versus vol% of the organic solvent in the mixed 
media are shown in Figure 3A.30 and Figure 3A.31, respectively. 
Values of various Gibbs energies, such as AG°, AG° ,„,, and AG°^ „^  at 
303.15 K are given in Tables 3A.5 to 3A.7. The values of various thermodynamic 
parameters of micellization of 14-5-14, 2Br~in pure water and in various mixed 
media are given in Table 3A.8 and Tables 3A.9 to 3A.14. Plots of variations in the 
values ofAlfm with respect to compositions of the media at different temperatures 
are depicted in Figure 3A.32. Enthalpy-entropy compensation plots for the 
micellization of 14-5-14, 2Br~ in various water-organic solvent mixed media and 
the values of compensation temperature (7^), enthalpy of compensation (A//^), 
along with their corresponding correlation coefficient (r) values (Table 3A.15.) 
are shown in Figure 3A.33. 
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Results 
To extract more useful information about the influence of solvents on the 
aggregation behaviour, we used 14-6-14, 2Br~ gemini in this study. Plots of K: vs. 
[14-6-14, 2Br~] along with the resuUs of iterative fitting (Carpena's method) 
obtained for 14-6-14, 2Br" in different water-organic solvent mixtures at 303.15 
K are shown in Figures 3B.1 to 3B.6. The K VS. [14-6-14, 2Br~] plots in pure 
water and in selected compositions of the mixed media at different temperatures 
are shown in Figure 3B.7 and Figures 3B.8 to 3B.29, respectively. The determined 
CMC and g values for 14-6-14, 2Br~ in various mixed media at a particular 
temperature (303.15 K) and in selected systems at different temperatures are given 
in Tables 3B.1 to 3B.4. Plots of CMC values versus vol% of the organic solvent in 
the mixed media and CMCdijf versus vol% of the organic solvent in the mixed 
media have been shown in Figures 3B.30 and 3B.31, respectively. Values of 
various Gibbs energies, such as AG°, AG^ ,^ ,^ and AG°^ „^  at 303.15 K are given 
in Tables 3B.5 to 3B.7. The values, in pure water and in various mixed media, 
along with A//^ and AS^ at different temperatures are presented in Table 3A.8 
and Tables 3B.9 to 3B.14. Plots of variations in the values of A//^ with respect to 
compositions of the media at different temperatures are depicted in Figure 3B.32. 
Enthalpy-entropy compensation plots for the micellization of 14-6-14, 2Br~ in 
various water-organic solvent mixed media and the values of compensation 
temperature (r^), enthalpy of compensation (A//^), along with their 
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corresponding correlation coefficient (r) values are given in Figure 3B.33 and 
Table 3B. 15. 
The aggregation numbers (iVagg) of 14-6-14, 2Br~ in various mixed media, 
determined from the slopes of linear plots drawn between the ratios of 
fluorescence intensities against quencher concentration (as shown in Figures 
3B.34 and 3B.35), are given in Table 3B.16. 
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Effects of addition of organic solvents on critical micelle concentration (CMC) 
and degree of counterion dissociation(g): Usually CMC is determined from the 
break point in the conductivity (K) VS. [surfactant]([5]) plots assuming the 
conductivity to be linearly related to the surfactant concentration and more often 
the inter-ionic interactions are ignored. Such a determination creates difficulty to 
choose the exact break point in the ^-concentration profiles when there is a weak 
curvature (as observed for ionic surfactants in mixed solvent systems"'^  and in the 
presence of organic additives like urea.^ ^).We have, therefore, used Carpena's 
method^ "* to obtain CMC values from the conductivity data. The procedure of 
fitting of the experimental data (K) as a function of surfactant concentration (c) has 
been explained in detail in the experimental section. 
To get a systematic knowledge about the micellization behaviour in 
presence of organic solvents, the volume percentages of the organic solvent in the 
mixture (water + organic solvent) were varied in a wide range (5-80 % for WR-
DO, 5-70 % for WR-ME and 5-40 % for WR-AN and WR-FA (both geminis); 
5-80 % and 5-50 % for WR-DMF (respectively for 14-5-14, 2Br" and 14-6-14, 
2Br"); 5-70 % for WR-EG (14-5-14, 2Br"); 5-80 % for WR-EG (14-6-14, 2Br' 
). The plots of K: VS. [surfactant] in various systems are shown in Figures 3A.1 to 
3A.29and3B.l to3B.29. 
It can be understood from the Tables 3A.1 and 3B.1 that the presence of all 
the studied organic solvents delay the micellization process and can be explained 
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on the basis of subtle balance of hydrophobic interactions of the long chain 
hydrocarbon tails, repulsive interactions between the ionic head groups and any 
modifications to the above interactions by the presence of organic solvents. Thus, 
in all the cases of the studied water-organic solvent mixed media, transfer of 
hydrocarbon tails of gemini surfactants into the micellar core and that of the 
methylene groups in the spacer and methyl groups in the head part to the micellar 
surface/interior part of the micelles becomes progressively less favourable with the 
increase of the organic solvent in the mixture. 
In Figures 3A.30 and 3B.30, the respective plots of the CMCs of 14-5-14, 
2Br~ and 14-6-14, 2Br~ against the volume percentages of the organic solvents in 
the mixed media are presented. They clearly show that, although there is an 
increase in the values of CMC of gemini surfactants in all the water-solvent mixed 
media, the increase is comparatively less when the vol% of the organic solvent is 
below 20. Another result which we obtained from the study is that the increase in 
the CMCs of gemini surfactants was found to be dependent on the nature of the 
organic solvent present in the mixed media: the values being comparatively lesser 
in WR-EG and WR-ME mixed systems than in the other mixed media. 
The different properties of the studied solvents are believed to be 
responsible for the delay in micellization. EG is a well known structure-breaking 
solute.^ ^ It is known that such solutes decrease the hydrophobicity of the surfactant 
molecules (which is considered to be one of the main driving forces for the 
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formation of micelles).^ '^^ ^ On comparison with pure water, the delay in the 
micellization of 14-5-14, 2Br" and 14-6-14, 2Br" in WR-EG mixed systems 
would, therefore, be due to the above reason. ME has the ability to break the three 
dimensional structure of water and new H-bonds are formed between WR and 
ME,^ '^''° thereby decreases the solvophobicity of the surfactant molecules and 
increases CMC values. The dipolar aprotic solvent AN can disrupt the micelle 
formation through a better solvation of the surfactant monomers than pure 
water.'^ '^ ^ Since the dielectric constants (s) of the above two solvents are lower 
than that of the water, their addition to WR decreases the e (which, in turn, reduces 
the polarity) of the bulk phase and hydrophobic/solvophobic interactions of the 
hydrocarbon tails with water/solvent are decreased. Since FA is more polar than 
water, it is obvious that its addition to WR results in an increase in the s of the 
bulk phase and, as a result, one may expect a decrease in the CMC values. But 
here also the CMC and g values were found to be higher than that in the WR. This 
may be due to the reason that, being an ionic liquid, it would be solvating the 
gemini in a better way than WR does. Moreover, although FA is more polar than 
WR, the increase in the polarity of the bulk phase with the amount of FA in WR-
FA medium is accompanied by an increase in the Gibbs energy of micellization 
(AG°) (see Tables 3A.5 and 3B.5, where the values become less negative). A 
similar explanation has been offered in the literature for the micellization of 12-3-
12, 2Br~ gemini surfactant in WR-FA medium.'^ 
78 
In the case of WR-DO and WR-DMF, a fair increase in the CMCs of 
gemini surfactants was observed and this is attributed to the characteristic 
properties of these organic solvents. DMF is a polar aprotic solvent with a 
relatively higher dipole moment (/^  = 3.82 D at 298.15 K'"); therefore, with the 
increase in the vol% of DMF in the WR-DMF mixed system the solvating ability 
of the bulk phase to solvate bis(tetradecyldimethylammonium)alkane ions via their 
negative dipole would be increasing and this may be a reason for the observed 
delay in the micellization of 14-5-14, 2Br~ and 14-6-14, 2Br' in WR-DMF mixed 
system. The non-polar aprotic cyclic ether DO, which can exist in two isomeric 
(either boat or chair) forms,''^  may give larger hydrophobic surface area and this 
would be solvating more surfactant monomers than the pure water. As a 
consequence, solvophobicity of the gemini surfactants are decreased, formation of 
micelles becomes less favourable and a higher surfactant concentration is required 
to start aggregation in the WR-DO mixed media. 
In all cases, although trend was not regular in some mixed solvent systems, 
the g values were found to be roughly increased with the increase in the vol% of 
the organic solvents. For 14-5-14, 2Br~, the g values increased from 0.312 to 
0.669 and 0.312 to 0.614 as the vol% of DO and DMF varied from 0 to 80, 
respectively, g increased from 0.312 to 0.598 and 0.312 to 0.525 in WR-EG and 
WR-ME mixed media as the EG or ME content in the system varied from 0 to 70 
(vol%), whereas the value reached to 0.682 and 0.617 in the mixed media 
79 
containing 50 vol% AN and FA. In the case of 14-6-14, 2Br, the value 
increased from 0.380 to 0.615 and 0.380 to 0.689 as the vol% of DO and EG 
varied from 0 to 80, respectively. In presence of 70 % ME, 50 % DMF and 40 % 
AN and FA, the value raised to 0.446, 0.497, 0.436 and 0.433, respectively. 
According to the theory of surfactant aggregation proposed by Nagarajan 
and Wang,"'^  there are several Gibbs energy contributions to Gibbs energy of 
micellization (AG°) value of a surfactant in solution. One among them is that 
associated with the electrostatic repulsion between the charged head groups at the 
micellar surface which is dependent on factors such as size, shape, orientation of 
the charged head group, dielectric constant (s) of the medium, discrete charge 
effects, etc. For the micellization of a given surfactant in different media, the 
polarity of the bulk phase described through its e has to be taken into account. 
The diminution of the polarity of a particular medium by the addition of an 
organic solvent leads to an increased repulsion between charged head groups. To 
balance this enhancement, some more fractions of the counterions may get moved 
to the micellar surface from their dissociated state and a decline in the values may 
happen. However, at the same time, the increase in the amount of organic solvent 
in the bulk phase is also associated with a decrease in aggregation number (Nagg) 
causing a reduction in the net charge on the micellar surface and favoring the 
dissociation of counterions. The experimental data show that the net effect of these 
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two factors determines the value of g at a particular composition of the mixed 
media. 
Effect of temperature on the CMC and g: Table 3A.2 (for 14-5-14, 2Br~) and 
Table 3B.2 (14-6-14, 2Br~) show an increase in the CMC with the temperature 
both in pure WR and in all the water-organic solvent mixed media. In aqueous 
solution, usually, an increase in the temperature can influence the CMC of 
surfactants by two ways. First one is by disrupting the water structure surrounding 
the hydrophobic group and this does not favor micellization. Second, by 
decreasing the degree of hydration of hydrophilic groups and this favors the 
micellization. Here it seems that the first effect predominates over the second in 
the studied temperature range. 
In pure WR, the increase in the CMC with respect to temperature is less 
than that in the water-organic solvent mixed media. The increment in the CMC 
with respect to temperature becomes more pronounced as the organic solvent 
content increases in the medium. The plots of CMCjiff (difference in the CMCs at 
higher and lower temperatures, here, CMCdiff = CMC323.15 K - CMC293.15 K) of 
studied gemini surfactants in a particular system against the vol% of organic 
solvent in the mixed media depicts this information clearly (Figures 3A.31 and 
3B.31). 
In most of the cases, the variation of g of 14-5-14, 2Br~ with respect to 
temperature was not regular and hence an average values were calculated (these 
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values employed in the appropriate equations to calculate various thermodynamic 
parameters). The average values were found to be high at higher vol% of the 
organic solvents. For 14-6-14, 2Br~ gemini surfactant, a regular trend in the values 
was obtained. A gradual rise in the g with respect to temperature could be due to 
the decrease in the surface charge density on the micelle and, hence, more fraction 
of the gemini surfactant and counterions are preferred to stay in dissociated form, 
as the increase in the temperature reduces the aggregation number of the ionic 
surfactants.''^ ''*'' 
Thermodynamics of micellization: The two main approaches which have got 
wide acceptance among the colloid research groups for the interpretation of the 
energetics of the micellization are phase-separation and mass-action ones. For the 
ionic surfactants, the mass-action approach is usually preferred'*'' and various 
thermodynamic parameters can be deduced from the temperature dependence of 
the CMC values as explained below: According to this model, the micellization of 
the gemini surfactants 14-.S-14, 2Br~ can be written by (since one gemini 
surfactant monomer can give three ions in solution, one cation and two counter 
ions) 
nG^' +2{n-p)Br' <^M^''' (3.2) 
where G^* represents the gemini cations, Br" the counterions of the 14-^-14, and 
M^''^ the aggregate of n monomers with an effective charge of 2p .The Gibbs 
energy of micelle formation per mole of the gemini surfactant, AG°, is given by 
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AG! = RT - 1 . . J. P — ln<3^2,. +Ina^,. +2 1-^11"^. - (3.3) 
n \ "J 
where R,T have their usual meanings and a's are the respective activities. In 
general, for a micelle formed with an adequate number of monomer units the first 
term in the parenthesis would be small and can be neglected. Under this situation, 
the activities of the corresponding ions can be replaced by their activities at the 
CMC and this may be equal to the critical micelle concentration expressed in mole 
fraction scale, XCMC, of the gemini surfactants. 
By the above approximation, for the studied gemini surfactants, AG° value 
depends on both CMC and g and can be written as'*^  
^G:=RT{3-2g)\nx,^, (3.4) 
Here, the ratio of CMCs of gemini surfactants to the total concentration of all 
components in the system was calculated to get the XCMC (••£•> the values were 
calculated as x^^ ^ = CMC / (CMC + number of moles of the solvent), either water 
or water-organic solvent mixed medium). For the micellization in pure water, the 
number of moles of solvent is taken as 55.556 mol dm'^  at 298.15 K. It should be 
noted that the total number of moles of solvent decreases with the increase in the 
amount of the organic solvent in the mixed medium. The other Gibbs energies, 
such as Gibbs energy of transfer values (AG°„„J and Gibbs energy of 
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micellization per alkyl tail of the gemini surfactant (AG°,^,,), were obtained 
according to expressions: 
^^Iraiu '-^^'miwaler-organic solvent mixed medium) m(pure waler) V-''-^/ 
and 
A G : , , , = A G : / 2 . (3.6) 
The AG° values were found to be negative in all the cases and the positive 
values of AG,^ „^  increased with the increase in the volume percentages of the 
organic solvents. It can be seen from the Tables 3A.5, 3A.9 to 3A.14 and 3B.5 
that, though variations are there on the increment in the values of AG° in the 
various water-organic solvent mixed systems, the values increase (become less 
negative) as the vol% of the organic solvent increases in the system showing that 
the micellization process is less spontaneous in the studied mixed media than that 
in pure water. At a particular temperature, it is seen that the micellization of 
gemini surfactants is relatively more spontaneous in WR-EG and WR-ME mixed 
solvent systems (decrease in the value of AG" is less) than in the others. 
Obviously, the changes in the values of AG°„„, also support the above discussion. 
Compared to others, AG°^ „^  values are less in WR-EG and WR-ME. 
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The magnitude of the AG° is mainly controlled by the bulk phase 
properties. The various contributions to Gibbs energy of micellization are: (i) 
AG,^ „,, that accounts for the tail transfer free energy when it is moved from the 
bulk phase to the hydrophobic core of the micelle, (ii) AG°^ ,^ that accounts for the 
tail deformation Gibbs energy as the surfactant tail inside the micelle has a 
different conformation due to the molecular packing requirements, (iii) AG,°,^ ,^ 
that accounts for the interfacial Gibbs energy between the hydrocarbon aggregate 
core-solvent interface, (iv) ^G^^ and (v) AG,°„,^ , that account for the steric and 
ionic Gibbs energy contributions for the ionic head groups at the micelle. It is 
known that the AG"^ ,^ is mainly responsible for the delay in the micellization of 
surfactants in the mixed media^ '^'^  and their value depends on the transfer Gibbs 
free energies from pure water and the organic solvents in addition to their mutual 
interaction. As the addition of organic solvent modifies the bulk phase making it 
more preferable than pure water for surfactant molecules,"*^ the transfer of the 
hydrophobic tail from the bulk phase to the micellar region becomes less 
favourable, and hence AG" value increases (becomes less negative). This is in 
agreement with the micellization results of 14-^-14, 2Br~in various mixed media. 
Since AG°,^ ,, is half of the AG°, its values are expected to be roughly equal 
to AG° of C14TAB, which is considered to be the monomer of the studied gemini 
surfactants. For this purpose, literature data for the micellization of C14TAB in 
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WR-DMF,'*^ WR-EG^^ and WR-FA^^ mixed media were obtained. At a particular 
vol%, AG° ,„,, values of gemini surfactants were found to be virtually similar with 
the AG° values of C14TAB in WR-EG and WR-FA mixed media. However, by 
considering the difference in the compositions of the mixed systems (the weight% 
data, on converting into vol%, are lower in the case of WR-EG and WR-FA 
mixed media than the studied vol%), the above comparison must be seen only as 
approximate. 
The corresponding enthalpy change, A//°, accompanied by the 
micellization of gemini surfactants in different mixed media, can be calculated by 
the expression 
AH:=-Rr(3-2gi^^^] -InxJ^] (3.7) 
dT {dTJ 
At a particular composition of the water-organic solvent mixed media, the 
variation of g with temperature is not so much and, therefore, the second term in 
the above expression was neglected and the following equation was used to 
calculate the values 
Mi:=-RT^(3-2gi^^^^^ (3.8) 
The values of In Xcmc at a particular composition in all the water-organic solvent 
mixed media were plotted against the temperature, T. linear plots were obtained 
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At? 
for each of the systems studied and the slopes of these plots were taken as the 
values of dlnX^^JdT. Accordingly, the entropy change, A5°, was calculated by 
the expression 
,0 A / / ! - A G ! A5° = " " (3.9) 
At a particular composition of the water-organic solvent mixed system, the 
AG° values were found to become slightly more or less negative with the rise in 
temperature suggesting that the micellization of the gemini surfactants in these 
media is only slightly dependent on the studied temperature range. The enthalpy of 
micellization, A//°, was negative and also varied accordingly as AG° with the 
rise in temperature for a particular composition of the mixed media. However, at 
all the studied T, on plotting the variation of A//° against the vol% of the organic 
solvents, a minimum in the value of AHl with respect to composition of the 
medium was observed (Figures 3A.32 and 3B.32). 
One can see from the mentioned Figures and Tables 3A.8 to 3A. 14 and 
3B.8 to 3B.14 that the micellization process is exothermic in nature and its 
magnitude varies with both the composition of the mixed media and the variation 
in the temperature. At all the four temperatures, the magnitude of A//° was found 
to be more at different compositions of the mixed media (as for example, in the 
case of 14-6-14, 2Br", the magnitude of A//° was found to be more in the mixed 
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media corresponding to 10 % WR-AN, and 10 % WR-FA and 20 % WR-ME). 
This type of behaviour could be due to various interactions between the solute-
solvent and solvent-solvent molecules. During the micellization, one can expect a 
disruption of the some of the H-bonds or any other type of interaction between 
WR-WR and organic solvent- organic solvent (if any interaction exists there -
endothermic process) and they may be partially reformed at the end (exothermic 
process). The overall magnitude of enthalpy would be depending on the overall 
energies of the two processes and which one exceeds over the other. 
The values of M° obtained are positive, which decrease with the increase 
in temperature (in some cases, at higher T, even a negative entropy was observed) 
for a particular composition and show a rough decrease with the vol% of the 
organic solvent at a particular temperature. This decrease in the entropy indicates 
that the tendency of micellization reduces at higher T. As the enthalpy of 
micellization is negative and becomes more negative with the rise in temperature, 
accordingly, the positive entropy change becomes less positive and enthalpy-
entropy compensation (EEC) effect was observed for the micellization of gemini 
surfactants in most of the systems. The EEC plots obtained for the micellization of 
the studied gemini surfactants in various mixed media are shown in Figures 3A.33 
and 3B.33. 
It is considered that the micellization process involves a chemical part and a 
solvation part and the observed linear relationship can be interpreted by''^  
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^Hl=^Hl+T^ASl. The intercept of the line (A//^) and the slope {Tc, 
compensation temperature) provide the information about solute-solute interaction 
(chemical) and solute-solvent interaction (solvation). Their values obtained in 
different mixed media along with r (correlation coefficient) are given in the Tables 
3A.15, 3B.15 and the variation in their values also supports the influence of the 
organic solvent on the modification of the bulk phase. 
Aggregation number of 14-6-14, 2Br~ gemini surfactant: The aggregation 
number (A'^ agg) was measured by steady-state fluorescence quenching (SSFQ) 
method and the interpretations are made as follows. If [/Q], [IQ\, [Q\, [5] and [M] 
are, respectively, the fluorescence intensity in the absence of quencher, that in the 
presence of the quencher, concentration of the quencher, concentration of 
surfactant and the unknown micelle concentration in the micellar solution, and if 
the probe molecule is luminescent only when it occupies an empty micelle, then 
the ratio of intensities in the presence and absence of the quencher is related as^ ° 
Inl'^ 
,^oy 
' ^ = - M (3 10) 
which transforms to 
In •'o 
K^o.j [S] -CMC 
(asM=t5] -CMC]IN^^^) 
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The values of A'agg in different mixed media (given in Table 3B.16) were 
calculated from the slopes (= Nt,g^{[S] - CMC}) of the linear plots between In 
(/(//g) vs. [Q] shown in Figures 3B.34 and 3B.35. The experiments were 
performed at two surfactant concentrations, viz. 10 mM (for all mixed media at 
303.15 K) and 3 mM (for WR-ME, WR-AN and WR-FA at 298.15 K). The 
measurements of SSFQ with a low surfactant concentration (3 mM) was due to the 
unexpected behaviour obtained in presence of some vol% of the mixed media (see 
below). However, this helped us to see the effect of concentration of gemini 
surfactant on the TVagg in various mixed media. 
The TV^agg was found to be decreased in all the three studied mixed media 
with the increase in the vol% of the organic solvents. This behaviour can be 
explained on the basis of solvent-hydrocarbon interfacial tension. It is known that 
the addition of studied organic solvents decreases the surface tension (y) of the 
pure water. As the variation in the y is related to interfacial tension, organic 
solvent (mixed medium)-hydrocarbon interfacial tension becomes smaller than the 
water-hydrocarbon interfacial tension and TVagg values are expected to be decreased 
(as obtained), i.e., the contribution of interfacial Gibbs energy (AG,",^ ^^ ^ )-(an 
interface is created between micellar core and the bulk phase during the formation 
of the micelles)-to the Gibbs energy of micellization (AG°) is minimized with 
the increase in the vol% of the organic solvent in the mixed medium as AG°,^ ^ is 
proportional to bulk phase/micelle core interfacial tension."'^ '^ ' However, although 
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iVjgg decreases with vol% in all the mixed media, the value obtained in pure water 
is lower (except in WR-DMF medium) than that in some compositions of the 
mixed media, whereas Rodriguez et al.^ ^ have reported a higher iV^gg in pure water 
than in the mixed medium for the micellization of C H T A B (the monomer of the 
studied gemini surfactant) in WR-WG mixed medium. The measurements were 
repeated with a lower surfactant concentration (3 mM) in WR-ME, WR-AN and 
WR-FA mixed media where also a higher A^agg were obtained at 10 % composition 
of the mixed media. As expected, N^^ were lower than that obtained at higher 
surfactant concentration in the studied mixed media. A decrease in T/ggg with the 
increase in the vol% of the organic solvents in the three mixed media can also be 
seen. 
The iVagg values of 12-6-12, 2Br~,'^  14-6-14, 2Br" (this study), 16-6-16, 
2Br~ ^^  at 20 mM, 3 mM, 2 mM in pure water are 27, 28, and 28, respectively. 
Regardless of their high concentration in the solution than CMC, A^agg values are 
smaller for the three gemini surfactants in pure water and this is supposed to be 
due to the presence of large spacer between the head groups. An explanation for 
smaller A'agg values of water-alkyltrimethylammonium bromide micellar solutions 
is that the bulky quencher, like CiePC, is not very effective in quenching process, 
because of very slow diffusion of that towards an excited probe molecule, 
especially in large micelles, and, as a result, the complete quenching in all the 
micelles containing both the probe and the quencher is susceptible.^ '* It is reported 
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that the //agg determined through SSFQ is smaller than that determined by time-
resolved fluorescence quenching (TRFQ) for bis(dodecyldimethylammonium 
bromide) surfactants.'^ Moreover, it should be noted that, as the water-organic 
solvent systems are more complicated than pure water (to favour the aggregation) 
and a fraction of the pyrene may get transferred to the bulk phase from the 
micellar phase, especially in the mixed medium containing a higher vol% of the 
organic solvent, the values reported herein should be viewed as approximate and 
care should be given to the effect of solvent on A^ggg-
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Table 3A.1: CMC values of 14-5-14, 2Br gemini surfactant in various 
compositions of water/organic solvent mixed media at 303.15 K. 
Volume% 
(O. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
0.157 
0.218 
0.346 
0.534 
0.694 
1.147 
1.654 
1.778 
1.921 
2.745 
3.373 
4.368 
ME 
0.157 
0.191 
0.275 
0.404 
0.638 
0.906 
1.167 
1.806 
1.896 
2.677 
3.118 
-
CMC/mM 
DMF 
0.157 
0.249 
0.437 
0.669 
0.897 
1.344 
1.671 
2.144 
2.438 
2.786 
3.193 
3.858 
AN 
0.157 
0.210 
0.361 
0.642 
1.203 
1.416 
1.854 
3.195 
-
-
-
-
EG 
0.157 
0.229 
0.255 
0.317 
0.373 
0.531 
0.621 
0.836 
1.583 
2.165 
3.319 
-
FA 
0.157 
0.225 
0.446 
0.652 
0.763 
1.241 
1.405 
2.799 
-
-
-
-
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Table 3A.2: CMC values of 14-5-14, 2Br gemini surfactant in selected 
compositions of water/organic solvent mixed media at different temperatures. 
Solvent 
Pure water 
10% DO 
20 % DO 
30 % DO 
50 % DO 
10% ME 
20 % ME 
30 % ME 
50 % ME 
10%DMF 
20 % DMF 
30 % DMF 
50 % DMF 
10% AN 
20 % AN 
30 % AN 
298.15 K 
0.150 
0.327 
0.842 
1.594 
1.681 
0.247 
0.430 
0.926 
1.563 
0.389 
0.849 
1.514 
1.766 
0.347 
0.951 
1.310 
CMC/mM 
303.15 K 
0.157 
0.346 
0.900 
1.654 
1.921 
0.275 
0.638 
1.167 
1.896 
0.437 
0.897 
1.671 
2.438 
0.361 
1.203 
1.854 
313.15 K 
0.207 
0.500 
1.023 
1.774 
1.989 
0.351 
0.739 
1.455 
2.127 
0.563 
1.223 
2.163 
2.945 
0.534 
1.357 
2.038 
323.15 K 
0.228 
0.646 
1.358 
2.090 
2.440 
0.503 
0.930 
1.773 
2.518 
0.742 
1.302 
2.352 
3.878 
0.605 
1.467 
2.469 
(contd.) 
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10 % EG 
20 % EG 
30 % EG 
50 % EG 
10% FA 
20 % FA 
30 % FA 
0.199 
0.281 
0.534 
1.052 
0.230 
0.598 
1.141 
0.255 
0.373 
0.621 
1.583 
0.446 
0.763 
1.405 
0.275 
0.434 
0.713 
1.847 
0.558 
0.822 
1.565 
0.343 
0.596 
0.869 
2.059 
0.780 
0.990 
1.911 
The indicated compositions of solvents are volunie%. 
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Table 3A.3: The g values of 14-5-14, 2Br gemini surfactant in various 
compositions of water/organic solvent mixed media at 303.15 K. 
Volume % 
(O. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
0.312 
0.319 
0.260 
0.325 
0.213 
0.289 
0.299 
0.506 
0.566 
0.556 
0.617 
0.669 
ME 
0.312 
0.328 
0.326 
0.393 
0.342 
0.314 
0.372 
0.491 
0.610 
0.432 
0.525 
-
g 
DMF 
0.312 
0.306 
0.355 
0.243 
0.354 
0.248 
0.328 
0.507 
0.623 
0.607 
0.569 
0.614 
AN 
0.312 
0.312 
0.337 
0.340 
0.369 
0.586 
0.669 
0.682 
-
-
-
-
EG 
0.312 
0.298 
0.306 
0.293 
0.253 
0.268 
0.297 
0.222 
0.303 
0.290 
0.598 
-
FA 
0.312 
0.402 
0.437 
0.451 
0.489 
0.530 
0.561 
0.617 
-
-
-
-
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Table 3A.4: The g values of 14-5-14, 2Br gemini surfactant in selected 
compositions of water/organic solvent mixed media at different temperatures. 
Solvent 
Pure water 
10% DO 
20 % DO 
30 % DO 
50 % DO 
10% ME 
20 % ME 
30 % ME 
50 % ME 
10 % DMF 
20 % DMF 
30 % DMF 
50 % DMF 
10% AN 
20% AN 
30 % AN 
298.15 K 
0.358 
0.241 
0.215 
0.260 
0.388 
0.293 
0.315 
0.308 
0.551 
0.275 
0.210 
0.367 
0.606 
0.319 
0.366 
0.450 
303.15 K 
0.312 
0.260 
0.256 
0.299 
0.566 
0.326 
0.342 
0.372 
0.610 
0.355 
0.354 
0.328 
0.623 
0.337 
0.369 
0.669 
g 
313.15 K 
0.272 
0.272 
0.307 
0.370 
0.629 
0.290 
0.372 
0.391 
0.574 
0.268 
0.406 
0.421 
0.560 
0.366 
0.483 
0.578 
323.15 K 
0.323 
0.305 
0.323 
0.242 
0.597 
0.346 
0.356 
0.307 
0.660 
0.264 
0.361 
0.676 
0.441 
0.380 
0.561 
0.429 
Average 
0.316 
0.269 
0.275 
0.293 
0.545 
0.314 
0.346 
0.345 
0.599 
0.290 
0.333 
0.448 
0.557 
0.351 
0.445 
0.532 
(contd.) 
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10% EG 
20 % EG 
30 % EG 
50 % EG 
10% FA 
20 % FA 
30 % FA 
0.346 
0.264 
0.203 
0.220 
0.353 
0.377 
0.461 
0.306 
0.253 
0.297 
0.303 
0.437 
0.489 
0.561 
0.291 
0.324 
0.323 
0.232 
0.419 
0.423 
0.534 
0.342 
0.308 
0.273 
0.329 
0.441 
0.467 
0.610 
0.321 
0.287 
0.274 
0.271 
0.413 
0.439 
0.542 
The indicated compositions of solvents are volume%. 
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Table 3A.5: AG° values of 14-5-14, 2Br gemini surfactant in different 
compositions of water/organic solvent mixed media at 303.15 K. 
Volume% 
(O. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
-76.27 
-73.89 
-73.86 
-67.69 
-67.05 
-64.53 
-61.77 
-49.97 
-47.03 
^4.12 
-39.64 
-35.41 
ME 
-76.27 
-74.11 
-72.56 
-65.34 
-65.19 
-64.63 
-61.17 
-50.66 
^4.50 
-50.14 
-44.27 
-
AG" /kJ mol' 
DMF 
-76.27 
-73.89 
-71.21 
-70.98 
-^3.93 
-65.77 
-53.83 
-49.05 
45.40 
-41.77 
-42.22 
-38.53 
AN 
-76.27 
-74.56 
-68.79 
-65.84 
-56.37 
-47.88 
^ 8 4 1 
-39.00 
-
-
-
-
EG 
-76.27 
-74.89 
-72.64 
-72.79 
-71.94 
-70.60 
-69.06 
-69.49 
-62.28 
-58.76 
-41.28 
-
FA 
-76.27 
-68.59 
-63.98 
-59.59 
-59.26 
-51.63 
-50.25 
^2.94 
-
-
-
-
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Table 3A.6: AG°,^ ;, values of 14-5-14, 2Br gemini surfactant in different 
compositions of water/organic solvent mixed media at 303.15 K. 
VoIume% 
(0. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
-38.14 
-36.95 
-36.93 
-33.84 
-33.53 
-32.26 
-30.88 
-24.99 
-23.52 
-22.06 
-19.82 
-17.70 
ME 
-38.14 
-37.05 
-36.28 
-32.67 
-32.59 
-32.32 
-30.59 
-25.33 
-22.25 
-25.07 
-22.14 
-
^ G ! , < « « ' 
DMF 
-38.14 
-36.94 
-35.60 
-35.49 
-31.96 
-32.88 
-26.91 
-24.53 
-22.70 
-20.89 
-21.11 
-19.26 
fkJ mol"' 
AN 
-38.14 
-37.28 
-34.39 
-32.92 
-28.18 
-23.94 
-24.21 
-19.50 
-
-
-
-
EG 
-38.14 
-37.44 
-36.32 
-36.39 
-35.97 
-35.30 
-34.53 
-34.75 
-31.14 
-29.38 
-20.64 
-
FA 
-38.14 
-34.30 
-31.99 
-29.80 
-29.63 
-25.81 
-25.13 
-21.47 
-
-
-
-
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Table 3A.7: 
compositions 
Volume% 
(O. S.) 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
AGl , values 
of water/organic 
DO 
2.61 
2.41 
8.82 
9.22 
11.98 
14.51 
26.54 
29.24 
32.39 
36.87 
41.10 
of 14-5--14, 2Br gemini surfactant in 
solvent mixed media at 303.15 K. 
ME 
2.40 
3.71 
11.16 
11.09 
11.87 
15.10 
25.85 
31.77 
26.36 
32.24 
-
^<^Lns 
DMF 
2.62 
5.07 
5.52 
12.34 
10.74 
22.45 
27.45 
30.87 
34.73 
34.29 
37.98 
/kJ mol' 
AN 
1.95 
7.49 
10.67 
19.91 
28.62 
27.86 
37.51 
-
-
— 
-
EG 
1.62 
3.63 
3.72 
4.33 
5.90 
7.21 
7.01 
13.99 
17.74 
35.22 
-
different 
FA 
7.91 
12.30 
16.91 
17.01 
24.88 
26.02 
33.57 
-
-
-
-
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Table 3A.8: Various thermodynamic parameters for micellization of 14-5-14, 
2Br' in pure water at different temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
/kJ mor^ 
-75.27 
-76.27 
-11.01 
-78.91 
^^LtnU 
/kJ mol* 
-37.64 
-38.14 
-38.54 
-39.45 
/kJ mor' 
-30.45 
-31.48 
-33.59 
-35.77 
^^ m 
/J K * mol' 
150.33 
147.75 
138.85 
133.49 
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Table 3A.9: Various thermodynamic parameters for miceilization of 14-5-14, 
2Br" in selected compositions of WR-DO mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
AG" 
/kJ mol^ 
-72.99 
-73.86 
-73.94 
-74.61 
-66.35 
-67.05 
-68.44 
-68.77 
-60.97 
-61.77 
-63.36 
-64.32 
-46.89 
-47.03 
-48.41 
^8.91 
AG!,,«7 
/kJ mor^ 
^^Lns 
/kJ mor^ 
10 % DO 
-36.50 
-36.93 
-36.97 
-37.31 
2.28 
2.41 
3.13 
4.30 
20 % DO 
-33.18 
-33.53 
-34.22 
-34.38 
8.92 
9.22 
8.63 
10.14 
30 % DO 
-30.48 
-30.88 
-31.68 
-32.16 
14.30 
14.51 
13.71 
14.59 
50 % DO 
-23.45 
-23.52 
-24.21 
-24.46 
28.38 
29.24 
28.66 
30.00 
^1 
/kJ mor' 
-50.95 
-52.67 
-56.20 
-59.85 
-23.54 
-24.34 
-25.97 
-27.65 
-19.62 
-20.29 
-21.65 
-23.05 
-19.76 
-20.43 
-21.80 
-23.22 
A5" 
^^ m 
/ J K ' mor' 
73.93 
69.91 
56.64 
45.69 
143.60 
140.91 
135.65 
127.24 
138.67 
136.82 
133.20 
127.71 
90.99 
87.76 
84.98 
79.52 
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Table 3A.10: Various thermodynamic parameters for micellization of 14-5-14, 
2Br~ in selected compositions of WR-ME mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
/kJ mor* 
-71.99 
-72.56 
-73.44 
-73.50 
-66.37 
-65.19 
-66.46 
-67.15 
-61.49 
—61.17 
-61.87 
-62.62 
-44.63 
-44.50 
-45.43 
-46.06 
^^Ltail 
/kJ mor* 
^^lans 
/kJ mol"' 
10 % ME 
-36.00 
-36.28 
-36.72 
-36.75 
3.28 
3.71 
3.63 
541 
20 % ME 
-33.19 
-32.59 
-33.23 
-33.58 
8.90 
11.09 
10.61 
11.76 
30 % ME 
-30.74 
-30.59 
-30.93 
-31.31 
13.79 
15.10 
15.21 
16.29 
50 % ME 
-22.31 
-22.25 
-22.71 
-23.03 
30.65 
31.77 
31.64 
32.85 
m 
/kJ mol' 
^0.32 
^1.68 
^4.48 
^7.37 
-52.88 
-54.67 
-58.33 
-62.12 
-47.80 
-49.42 
-52.73 
-56.15 
-25.30 
-26.16 
-27.91 
-29.73 
^^ m 
/JK"' mol' 
106.23 
101.86 
92.48 
80.86 
45.26 
34.70 
25.95 
15.58 
45.90 
38.77 
29.16 
19.99 
64.81 
60.49 
55.93 
50.55 
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Table 3A.11: Various thermodynamic parameters for micellization of 14-5-14, 
2Br~ in selected compositions of WR-DMF mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
/kJ mor* 
-70.73 
-71.21 
-71.95 
-72.45 
-63.20 
-63.93 
-64.15 
-65.81 
-53.45 
-53.83 
-54.19 
-55.45 
-46.16 
-45.40 
-45.97 
-^6.04 
^^LM 
/kJ mol* 
^^Ln. 
/kJ mol' 
10 % DMF 
-35.36 
-35.60 
-35.98 
-36.23 
4.55 
5.07 
5.12 
6.45 
20 % DMF 
-31.60 
-31.96 
-32.08 
-32.91 
12.08 
12.34 
12.92 
13.10 
30 % DMF 
-26.73 
-26.91 
-27.09 
-27.72 
21.82 
22.45 
22.88 
23.46 
50 % DMF 
-23.08 
-22.70 
-22.98 
-23.02 
29.12 
30.87 
31.10 
32.87 
^1 
tn 
/kJ mol"' 
-44.71 
-46.23 
-49.33 
-52.53 
-29.32 
-30.32 
-32.35 
-3445 
-37.32 
-38.58 
^1.17 
^3.84 
-40.42 
-41.79 
-44.59 
-47.49 
AS' 
/ J K ' mol' 
87.25 
82.40 
72.26 
61.67 
113.61 
110.88 
101.56 
97.06 
54.12 
50.29 
41.57 
35.91 
19.24 
11.91 
4.40 
-4.46 
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Table 3A.12: Various thermodynamic parameters for micellization of 14-5-14, 
2Br~ in selected compositions of WR-AN mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
AG" 
m 
/kJ mol' 
-67.88 
-68.79 
-68.71 
-70.13 
-56.67 
-56.37 
-57.56 
-58.96 
-50.08 
-48.41 
-48.76 
-49.40 
^('l.lail 
/kJ mol* 
^^Lns 
/kJ mol' 
10 % AN 
-33.94 
-34.39 
-34.36 
-35.06 
20 
-28.33 
-28.18 
-28.78 
-2948 
7.39 
7.49 
8.36 
8.78 
%AN 
18.60 
19.91 
19.51 
19.95 
30 % AN 
-25.04 
-24.21 
-24.38 
-24.70 
25.19 
27.86 
28.31 
29.50 
nt 
/kJ mol' 
-39.06 
-40.38 
^3.09 
^5.89 
-27.91 
-28.86 
-30.79 
-32.79 
-27.33 
-27.33 
-28.25 
-30.15 
AS" 
/JK"' mol' 
96.65 
93.69 
81.81 
75.02 
96.45 
90.74 
85.49 
80.99 
76.31 
70.72 
67.66 
61.49 
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Table 3A.13: Various thermodynamic parameters for micellization of 14-5-14, 
2Br~ in selected compositions of WR-EG mixed medium at different 
temperatures. 
T AC?" A G V , AG" AfT" A5° 
/K /kJmol* /kJmor* /kJmor' /kJmor* / J K ' m o r ' 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
-72.88 
-72.64 
-74.56 
-75.55 
-72.45 
-71.94 
-73.36 
-73.63 
-68.84 
-69.06 
-70.46 
-71.40 
-63.74 
-62.28 
-63.34 
-64.65 
10% 
-36.44 
-36.32 
-37.28 
-37.77 
20% 
-36.23 
-35.97 
-36.68 
-36.82 
30% 
-34.42 
-34.53 
-35.23 
-35.70 
50% 
-31.87 
-31.14 
-31.67 
-32.32 
EG 
2.39 
3.63 
2.51 
3.36 
EG 
2.82 
4.33 
3.71 
5.28 
EG 
6.43 
7.21 
6.62 
7.51 
EG 
11.53 
13.99 
13.73 
14.26 
-37.82 
-39.10 
-41.72 
-44.42 
-53.61 
-55.42 
-59.14 
-62.98 
-35.34 
-36.53 
-38.98 
^1.51 
-23.98 
-24.79 
-26.45 
-28.17 
117.61 
110.66 
104.87 
96.31 
63.20 
54.50 
45.43 
32.98 
112.37 
107.30 
100.51 
92.48 
133.36 
123.66 
117.81 
112.89 
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Table 3A.14: Various thermodynamic parameters for micellization of 14-5-14, 
2Br~ in selected compositions of WR-FA mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
AG" 
m 
/kJ mol* 
-66.48 
-63.98 
-64.82 
-64.93 
-59.56 
-59.26 
-60.80 
-61.68 
-50.41 
-50.25 
-51.37 
-51.98 
^^Llail 
/kJ mol' 
A^l« 
/kJ mol"* 
10 % FA 
-33.24 
-31.99 
-32.41 
-32.47 
8.79 
12.30 
12.25 
13.98 
20 % FA 
-29.78 
-29.63 
-30.40 
-30.84 
15.71 
17.01 
16.27 
17.23 
30 % FA 
-25.21 
-25.13 
-25.69 
-25.99 
24.86 
26.02 
25.70 
26.93 
rn 
/kJ mol"' 
^4.83 
^6.34 
-49.45 
-52.66 
-31.68 
-32.75 
-34.95 
-37.21 
-29.31 
-30.30 
-32.34 
-34.43 
A5" 
/ J K ' mol"' 
72.63 
58.17 
49.07 
37.98 
93.51 
87.45 
82.56 
75.72 
70.76 
65.80 
60.79 
54.31 
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Table 3A.15: Compensation temperature (r^) enthalpy of compensation i^l), 
and the corresponding r values of 14-5-14, 2Br~ in different mixed media in the 
temperature range of 298.15 K to 323.15 K. 
Solvent 
Pure WR 
10 % WR-DO 
20% WR-DO 
30% WR-DO 
50 % WR-DO 
10% WR-ME 
20% WR-ME 
30% WR-ME 
50 % WR-ME 
10 % WR-DMF 
20% WR-DMF 
30% WR-DMF 
50% WR-DMF 
10% WR-AN 
20 % WR-AN 
30 % WR-AN 
Tc/K 
299.9 
305.6 
251.6 
313.7 
312.0 
277.7 
319.7 
326.6 
318.4 
305.2 
289.1 
348.6 
306.2 
296.3 
317.7 
197.0 
^H' /kJmol' 
-75.59 
-73.73 
-59.80 
-63.22 
-48.07 
-69.94 
-66.71 
-62.46 
-45.73 
-71.36 
-62.19 
-56.08 
-45.95 
-67.82 
-58.18 
^1.86 
r 
0.993 
0.998 
0.994 
0.995 
0.990 
0.999 
0.985 
0.996 
0.994 
0.999 
0.988 
0.995 
0.993 
0.992 
0.980 
0.916 
(contd.) 
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10 % WR-EG 
20% WR-EG 
30 % WR- EG 
50% WR-EG 
10 % WR-FA 
20 % WR-FA 
30% WR-FA 
321.7 
319.7 
317.0 
200.8 
230.2 
321.9 
320.8 
-75.30 
-73.46 
-70.80 
-50.33 
-60.86 
-^1.45 
-51.78 
0.990 
0.994 
0.998 
0.951 
0.971 
0.988 
0.994 
The indicated compositions of solvents are volume%. 
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(contd.) 
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yil 0 Mi 
M 011026 10.00018 
A2 011.192 iO,00098 
ds OII36I 10.04102 
\0 436757 ±0,02563 
[14-5-14. 2Br']/mM 
Figure 3A.1: Plots of/c vs. [14-5-14, 2Br] for the miceliization of 14-6-14, 2Br" 
in various compositions of the mixed media containing 1,4-dioxane (DO) and 
water at 303.15 K. Results obtained through fitting are shown in boxes. 
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10 10674 
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(contd.) 
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D i u : 14-5-14, IBr in M % ME 
M o l d : Cvpem^t 
Chi^2fl3oF 
iiKthod 
0 00026 
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»0 0 
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A2 0 J I M 9 
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*0 D20'M 
11)09169 
i l l U l M K 
[14-5-14, 2Br")/mM 
2 5 4 5 
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Figure 3A.2: Plots of «: vs. [14-5-14, 2Br] for the micellization of 14-5-14, 2Br 
in various compositions of the mixed media containing 2-methoxyethanol (ME) 
and water at 303.15 K. Results obtained through fitting are shown in boxes. 
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(contd.) 
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/ 
DMK I4-S-I4, ZIr IN H % DMP 
Modd. Cirpaw-i mdhod 
chi-2/DoF - oooorr 
R"2 - O.M955 
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0(K)S7l tO,8l l78 
3 IW87 *0 0S7.1 
[14-5-14, 2Br']/mM [14-5-14. 2Brl/mM 
[14-5-14. 2Brl/mM 
Figure 3A.3: Plots of K vs. [14-5-14, 2Br"] for the micellization of 14-5-14, 2Br 
in various compositions of the mixed media containing A ,^A -^dimethylformamide 
(DMF) and water at 303.15 K. Results obtained through fitting are shown in 
boxes. 
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Figure 3A.4: Plots of/c vs. [14-5-14, 2Br"] for the micellization of 14-5-14, 2Br 
in various compositions of the mixed media containing acetonitrile (AN) and 
water at 303.15 K. Results obtained through fitting are shown in boxes. 
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Figure 3A.5: Plots of K vs. [14-5-14, 2Br~] for the micellization of 14-5-14, 2Br" 
in various compositions of the mixed media containing ethylene glycol (EG) and 
water at 303.15 K. Resuhs obtained through fitting are shown in boxes. 
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Figure 3A.6: Plots of K vs. [14-5-14, 23^] for the micellization of 14-5-14, 2Br" 
in various compositions of the mixed media containing formamide (FA) and water 
at 303.15 K. Results obtained through fitting are shown in boxes. 
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Figure 3A.7: Plots of K VS. [14-5-14, 2Br'] for the micellization of 14-5-14, 2Br~ 
in pure water at different temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; 
(iv) 323.15 K). Results obtained through fitting are shown in boxes. 
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Figure 3A.8: Plots of/c vs. [14-5-14, 2Br] for the micellization of 14-5-14, 2Bf 
in presence of 10 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K;'(iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.9: Plots of «: vs. [14-5-14, 2Br"] for the micellization of 14-5-14, 2Br" 
in presence of 20 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.10: Plots of K VS. [14-5-14, 23^] for the micellization of 14-5-14, 
2Brln presence of 30 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.11: Plots of K VS. [14-5-14, 2Br~] for the micellization of 14-5-14, 
26^111 presence of 50 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shov/n in boxes. 
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Figure 3A.12: Plots oi K VS. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Br~in presence of 10 % 2-methoxyethanol (ME) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3A.13: Plots of K VS. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Br~in presence of 20 % 2-methoxyethanol (ME) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3A.14: Plots of K VS. [14-5-14, 2Br~] for the micellization of 14-5-14, 
2Br~in presence of 30 % 2-methoxyethanol (ME) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3A.15: Plots of K VS. [14-5-14, 2Br~] for the micellization of 14-5-14, 
2Br"in presence of 50 % 2-methoxyethanol (ME) in water at different 
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obtained through fitting are shown in boxes. 
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Figure 3A.16: Plots of A: VS. [14-5-14, 2Br] for the micellization of 14-5-14, 
23^111 presence of 10 % A^,//-dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3A.17: Plots of K VS. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Br~in presence of 20 % Ar,iV-dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3A.18: Plots of K vs. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Br~in presence of 30 % A ,^7/-dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3A.19: Plots of K vs. [14-5-14, 2Bn for the micellization of 14-5-14, 
2Br~in presence of 50 % A ,^A -^dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3A.20: Plots of ;c vs. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Br~in presence of 10 % acetonitrile (AN) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.21: Plots of K VS. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Br'in presence of 20 % acetonitrile (AN) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.22: Plots of K VS. [14-5-14, 2Br] for the micellization of 14-5-14, 
2Br"in presence of 30 % acetonitrile (AN) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.23: Plots of K VS. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Brin presence of 10 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3A.24: Plots of K VS. [14-5-14, 2Br"] for the micellization of 14-5-14, 
26^111 presence of 20 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3A.25: Plots of K VS. [14-5-14, 2Br] for the micellization of 14-5-14, 
2Brin presence of 30 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3A.26: Plots of A: vs. [14-5-14, 2Br] for the micellization of 14-5-14, 
2Br~in presence of 50 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3A.27: Plots of K VS. [14-5-14, 2Br] for the micellization of 14-5-14, 
2Br~in presence of 10 % formamide (FA) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.28: Plots of K vs. [14-5-14, 2Br~] for the micellization of 14-5-14, 
2Br~in presence of 20 % formamide (FA) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3A.29: Plots of K VS. [14-5-14, 2Br"] for the micellization of 14-5-14, 
2Br~in presence of 30 % formamide (FA) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Organic solvent /vol% 
Figure 3A.30: Plots of CMC values of 14-5-14, 2Br" vs. volume% of organic 
solvent in different water-organic solvent mixed media at 303.15 K. Solid lines 
are for visual purposes. 
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Figure 3A.31: Plots of CMQ,^ values of 14-5-14, 2Brvs. volume% of organic 
solvent in different water-organic solvent mixed media. Solid lines are for visual 
purposes. 
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Figure 3A.32: Plots of A//° values of 14-5-14, 2Br~ against the volume% of the 
organic solvent in various water-organic solvent mixed media at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Solid 
lines are for visual purposes. 
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Figure 3A.33: Enthalpy-entropy compensation plots for the micellization of 14-
5-14, 2Br~ in various water-organic solvent mixed media ((i) pure water; (ii) 
WR-DO; (iii) WR-ME; (iv) WR-DMF; (v) WR-AN; (vi) WR-EG; (vii) WR-
FA). 
152 
Table 3B.1: CMC values of 14-6-14, 2Br gemini surfactant in various 
compositions of water/organic solvent mixed media at 303.15 K. 
Volume% 
(O. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
0.182 
0.324 
0.499 
0.748 
0.892 
1.356 
1.922 
2.345 
2.958 
3.551 
3.945 
5.125 
ME 
0.182 
0.221 
0.359 
0.419 
0.542 
0.837 
1.100 
2.187 
2.505 
2.935 
4.556 
-
CMC/mM 
DMF 
0.182 
0.215 
0.464 
0.744 
1.130 
1.377 
1.784 
2.835 
3.518 
-
-
-
AN 
0.182 
0.335 
0.475 
0.925 
1.028 
1.516 
1.715 
2.286 
-
-
-
— 
EG 
0.182 
0.226 
0.277 
0.353 
0.409 
0.565 
0.633 
1.235 
1.670 
1.899 
2.588 
3.648 
FA 
0.182 
0.284 
0;446 
0.673 
0.823 
1.266 
1.644 
2.315 
-
-
-
-
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Table 3B.2: CMC values of 14-6-14, 2Br gemini surfactant in selected 
composition of water/organic solvent mixed media at different temperatures. 
Solvent 
Pure water 
10% DO 
20 % DO 
30 % DO 
50 % DO 
10% ME 
20 % ME 
30 % ME 
50 % ME 
10%DMF 
20 % DMF 
30 % DMF 
50 % DMF 
10% AN 
20 % AN 
30 % AN 
298.15 K 
0.158 
0.387 
0.763 
1.730 
1.988 
0.302 
0.456 
0.672 
2.216 
0.418 
0.737 
1.362 
2.394 
0.386 
0.823 
1.587 
CMCImM 
303.15 K 
0.182 
0.499 
0.892 
1.922 
2.958 
0.359 
0.542 
1.100 
2.505 
0.464 
1.130 
1.784 
3.518 
0.475 
1.028 
1.715 
313.15 K 
0.215 
0.523 
1.128 
2.193 
3.226 
0.495 
0.664 
1.477 
2.923 
0.510 
1.360 
2.135 
3.836 
0.574 
1.321 
2.036 
323.15 K 
0.252 
0.634 
1.395 
2.314 
3.971 
0.668 
1.148 
1.813 
3.225 
0.585 
1.552 
2.553 
4.222 
0.625 
1.629 
2.391 
(contd.) 
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10% EG 
20 % EG 
30 % EG 
50 % EG 
10% FA 
20 % FA 
30 % FA 
0.178 
0.244 
0.525 
0.920 
0.332 
0.698 
1.398 
0.277 
0.409 
0.633 
1.670 
0.446 
0.823 
1.644 
0.314 
0.488 
0.741 
2.083 
0.565 
1.182 
2.177 
0.356 
0.607 
0.804 
2.287 
0.831 
1.937 
2.979 
The indicated compositions of solvents are volume%. 
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Table 3B.3: The g values of 14-6-14, 2Br gemini surfactant in various 
compositions of water/organic solvent mixed media at 303.15 K. 
VolumeVo 
(O. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
0.380 
0.354 
0.322 
0.309 
0.338 
0.354 
0.372 
0.428 
0.495 
0.471 
0.561 
0.615 
ME 
0.380 
0.314 
0.347 
0.348 
0.355 
0.379 
0.389 
0.372 
0.404 
0.469 
0.446 
-
8 
DMF 
0.380 
0.434 
0.358 
0.406 
0.360 
0.372 
0.379 
0.350 
0.497 
-
-
-
AN 
0.380 
0.348 
0.343" 
0.363 
0.415 
0.443 
0.410 
0.436 
-
-
-
-
EG 
0.380 
0.363 
0.336 
0.331 
0.321 
0.351 
0.317 
0.331 
0.372 
0.390 
0.586 
0.689 
FA 
0.380 
0.344 
0.388 
0.393 
0.435 
0.466 
0.423 
0.433 
-
-
-
-
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Table 3B.4: The g values of 14-6-14, 2Br gemini surfactant in selected 
compositions of water/organic solvent mixed media at different temperatures. 
Solvent 
Pure water 
10 % DO 
20 % DO 
30 % DO 
50 % DO 
10% ME 
20 % ME 
30 % ME 
50 % ME 
10%DMF 
20 % DMF 
30 % DMF 
50 % DMF 
10% AN 
20 % AN 
30 % AN 
298.15 K 
0.369 
0.281 
0.330 
0.362 
0.411 
0.294 
0.303 
0.368 
0.392 
0.329 
0.329 
0.346 
0.488 
0.346 
0.400 
0.435 
303.15 K 
0.380 
0.322 
0.338 
0.372 
0.495 
0.347 
0.355 
0.389 
0.404 
0.358 
0.360 
0.379 
0.497 
0.343 
0.415 
0.410 
g 
313.15 K 
0.391 
0.332 
0.352 
0.396 
0.563 
0.331 
0.356 
0.394 
0.425 
0.362 
0.377 
0.407 
0.547 
0.371 
0.425 
0.482 
323.15 K 
0.397 
0.356 
0.366 
0.397 
0.596 
0.390 
0.378 
0.396 
0.440 
0.364 
0.388 
0.436 
0.538 
0.387 
0.454 
0.454 
(contd.) 
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10% EG 
20 % EG 
30 % EG 
50 % EG 
10 % FA 
20 % FA 
30 % FA 
0.288 
0.293 
0.314 
0.368 
0.371 
0.402 
0.420 
0.336 
0.321 
0.317 
0.337 
0.388 
0.435 
0.423 
0.340 
0.360 
0.364 
0.353 
0.393 
0.419 
0.450 
0.347 
0.365 
0.392 
0.362 
0.415 
0.419 
0.470 
The indicated compositions of solvents are volume%. 
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Table 3B.5: AG° values of 14-6-14, 2Br gemini surfactant in different 
compositions of water/organic solvent mixed media at 303.15 K. 
Volume% 
(O. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
-71.27 
-69.38 
-68.51 
-66.56 
-63.64 
-60.07 
-56.88 
-52.40 
-47.32 
-46.75 
-41.43 
-36.98 
ME 
-71.27 
-74.10 
-68.98 
-^7.78 
-65.64 
-61.55 
-59.19 
-55.56 
-52.61 
-47.93 
-45.86 
-
AGVkJmor* 
nt 
DMF 
-71.27 
-66.74 
-66.86 
-61.22 
-61.12 
-59.09 
-57.00 
-55.19 
^6.41 
-
-
-
AN 
-71.27 
-69.61 
-67.64 
-62.45 
-58.81 
-55.02 
-55.88 
-52.54 
-
-
— 
-
EG 
-71.27 
-70.92 
-71.25 
-69.87 
-69.41 
-65.50 
-66.54 
-61.26 
-56.85 
-54.61 
-43.01 
-36.17 
FA 
-71.27 
-70.84 
-65.44 
-62.70 
-59.06 
-54.96 
-55.66 
-52.90 
-
-
-
-
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Table 3B.6: AG°„,, values of 14-6-14, 2Br gemini surfactant in different 
compositions of water/organic solvent mixed media at 303.15 K. 
Volume% 
(O. S.) 
0 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
-35.64 
-34.69 
-34.25 
-33.28 
-31.82 
-30.03 
-28.44 
-26.20 
-23.66 
-23.38 
-20.71 
-18.49 
ME 
-35.64 
-37.05 
-34.49 
-33.89 
-32.82 
-30.78 
-29.60 
-27.78 
-26.31 
-23.96 
-22.93 
-
^^Llail 
DMF 
-35.64 
-33.37 
-33.43 
-30.61 
-30.56 
-29.55 
-28.50 
-27.59 
-23.21 
-
-
-
/kJ mol"' 
AN 
-35.64 
-34.80 
-33.82 
-31.23 
-29.41 
-27.51 
-27.94 
-26.27 
-
-
-
-
EG 
-35.64 
-35.46 
-35.62 
-34.93 
-34.71 
-32.75 
-33.27 
-30.63 
-28.42 
-27.31 
-21.50 
-18.09 
FA 
-35.64 
-35.42 
-32.72 
-31.35 
-29.53 
-27.48 
-27.83 
-26.45 
-
-
-
-
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Table 3B.7: AG°^ „, values of 14-6-14, 2Br gemini surfactant in different 
compositions of water/organic solvent mixed media at 303.15 K. 
Volume% 
(O. S.) 
5 
10 
15 
20 
25 
30 
40 
50 
60 
70 
80 
DO 
1.89 
2.76 
4.71 
7.63 
11.20 
14.39 
18.87 
23.95 
24.52 
29.84 
34.29 
ME 
-2.83 
2.29 
3.49 
5.63 
9.72 
12.08 
15.71 
18.66 
23.34 
25.41 
-
A^l« 
DMF 
4.53 
4.41 
10.05 
10.15 
12.18 
14.27 
16.08 
24.86 
-
— 
-
/kJ mol"' 
AN 
1.66 
3.63 
8.82 
12.46 
16.25 
15.39 
18.73 
— 
-
— 
-
EG 
0.35 
0.02 
1.40 
1.86 
5.77 
4.73 
10.01 
14.42 
16.66 
28.26 
35.10 
FA 
0.43 
5.83 
8.57 
12.21 
16.31 
15.61 
18.37 
— 
-
-
-
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Table 3B.8: Various thermodynamic parameters for micellization of 14-6-14, 
2Br~ in pure water at different temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
A<7" 
m 
/kJmor' 
-71.62 
-71.27 
-71.98 
-72.90 
^^IMU 
/kJ mol"' 
-35.81 
-35.64 
-35.99 
-36.45 
nt 
/kJ mol"' 
-26.75 
-27.38 
-28.94 
-30.63 
/ J K ' mol' 
150.5 
144.8 
137.4 
130.8 
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Table 3B.9: Various thermodynamic parameters for micellization of 14-6-14, 
2Br~ in selected compositions of WR-DO mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
AG" 
m 
/kJ mol' 
-71.25 
-68.51 
-69.89 
-69.45 
-63.97 
-63.64 
-63.54 
-63.47 
-57.03 
-56.88 
-56.76 
-58.17 
-52.55 
^7.32 
-45.13 
^3.92 
^^l^u 
/kJ mol* 
^(^lans 
/kJ mol"' 
10 % DO 
-35.62 
-34.25 
-34.95 
-34.72 
0.37 
2.76 
2.09 
3.45 
20 % DO 
-31.98 
-31.82 
-31.77 
-31.73 
7.65 
7.63 
8.44 
9.43 
30 % DO 
-28.51 
-28.44 
-28.38 
-29.09 
14.59 
14.39 
15.22 
14.72 
50 % DO 
-26.28 
-23.66 
-22.57 
-21.96 
19.07 
23.95 
26.85 
28.98 
/kJ mol'' 
-34.23 
-34.20 
-36.19 
-37.74 
-38.06 
-39.06 
^1.17 
^3.30 
-25.23 
-25.86 
-27.01 
-28.73 
^5.06 
-43.01 
-42.11 
-43.94 
A5" 
/ J K ' mol' 
124.2 
113.2 
107.6 
98.1 
86.9 
81.1 
71.4 
62.4 
106.6 
102.3 
95.0 
91.1 
25.1 
14.2 
7.5 
-0.1 
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Table 3B.10: Various thermodynamic parameters for micellization of 14-6-14, 
2Br~ in selected compositions of WR-ME mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
A G ! 
/kJ mol* 
-72.0 
-69.0 
-70.3 
-67.1 
-68.5 
-65.6 
-66.5 
-64.0 
-62.1 
-59.2 
-59.2 
-59.7 
-53.0 
-52.6 
-52.4 
-52.8 
^G^taa 
/kJ mor* 
^^Ins 
/kJ mol"' 
10 % ME 
-36.0 
-34.5 
-35.1 
-33.5 
-0.4 
2.3 
1.7 
5.8 
20 % ME 
-34.2 
-32.8 
-33.2 
-32.0 
3.1 
5.6 
5.5 
8.9 
30 % ME 
-31.0 
-29.6 
-29.6 
-29.9 
9.5 
12.1 
12.8 
13.2 
50 % ME 
-26.5 
-26.3 
-26.2 
-26.4 
18.6 
18.7 
19.6 
20.1 
^1 
tn 
/kJ mol"' 
-55.3 
-54.6 
-59.1 
-59.8 
-65.4 
-64.8 
-69.0 
-72.1 
-41.8 
^2.5 
-45.1 
-47.9 
-29.5 
-30.2 
-31.5 
-33.1 
/J K * mol"' 
56.1 
47.4 
35.8 
22.7 
10.2 
2.9 
-8.0 
-24.9 
67.9 
55.2 
44.9 
36.5 
78.8 
74.1 
66.6 
60.8 
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Table 3B.11: Various thermodynamic parameters for miceilization of 14-6-14, 
2Br" in selected compositions of WR-DMF mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
AG" 
m 
/kJ mol' 
-68.01 
-66.86 
-68.25 
-69.47 
-64.23 
-61.12 
-61.11 
-61.64 
-59.27 
-57.00 
-56.37 
-55.58 
-48.01 
-46.41 
-45.13 
-46.52 
^ ^ « , , « , 7 
/kJ mor* 
^^lans 
/kJ mol' 
10 % DMF 
-34.00 
-3343 
-34.13 
-34.74 
3.61 
441 
3.73 
3.43 
20 % DMF 
-32.11 
-30.56 
-30.56 
-30.82 
7.39 
10.15 
10.87 
11.25 
30 % DMF 
-29.63 
-28.50 
-28.18 
-27.79 
12.35 
14.27 
15.61 
17.31 
50 % DMF 
-24.01 
-23.21 
-22.57 
-23.26 
23.61 
24.86 
26.85 
26.37 
/kJ mol' 
-22.50 
-22.69 
-24.12 
-25.64 
-25.96 
-26.13 
-2747 
-28.96 
-29.01 
-29.13 
-30.29 
-31.39 
-13.46 
-13.79 
-13.98 
-15.03 
A^« 
^^ m 
liK' mol' 
152.6 
145.7 
140.9 
135.6 
128.3 
1154 
1074 
101.2 
101.5 
91.9 
83.3 
74.9 
115.9 
107.6 
99.5 
97.5 
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Table 3B.12: Various thermodynamic parameters for micellization of 14-6-14, 
2Br~ in selected compositions of WR-AN mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
/kJ mol* 
-67.6 
-67.6 
-67.1 
-67.7 
-59.9 
-58.8 
-58.8 
-57.9 
-54.1 
-54.9 
-51.3 
-53.6 
^('l.laU 
/kJ mol* 
^('lam 
/kJ mol* 
10 % AN 
-33.8 
-33.8 
-33.5 
-33.9 
4.1 
3.6 
4.9 
5.1 
20 % AN 
-29.9 
-29.4 
-29.4 
-28.9 
11.7 
12.5 
13.2 
15.0 
30 % AN 
-27.0 
-27.9 
-26.5 
-27.6 
17.5 
16.7 
20.0 
18.4 
/kJ mol"' 
-43.3 
-44.9 
-46.7 
^9 .1 
-37.4 
-38.1 
-40.3 
-41.8 
-25.2 
-25.8 
-24.9 
-27.3 
AS" 
/J K ' mol ' 
81.3 
75.0 
64.9 
57.7 
75.4 
68.2 
59.1 
49.8 
96.9 
97.8 
87.1 
83.9 
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Table 3B.13: Various thermodynamic parameters for micellization of 14-6-14, 
2Br~ in selected compositions of WR-EG mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
AG" 
m 
/kJ mol' 
-75.62 
-71.25 
-72.58 
-73.62 
-72.94 
-69.41 
-68.24 
-68.82 
-66.70 
-66.54 
-65.04 
-64.97 
-59.46 
-58.60 
-58.41 
-59.22 
^ ^ ! , / . i / 
/kJ mol' 
10% 
-37.81 
-35.62 
-36.29 
-36.81 
20% 
-36.47 
-34.71 
-34.12 
-34.41 
30% 
-33.35 
-33.27 
-32.52 
-32.49 
50% 
-29.73 
-29.30 
-29.21 
-29.61 
^^lans 
/kJ mol' 
EG 
^ .00 
0.02 
-0.60 
-0.72 
EG 
-1.32 
1.86 
3.74 
4.08 
EG 
4.92 
4.73 
6.94 
7.93 
EG 
12.15 
12.67 
13.57 
13.67 
/kJ mol"' 
-21.50 
-21.35 
-22.70 
-24.01 
-33.90 
-34.25 
-35.32 
-37.46 
-21.04 
-21.70 
-22.22 
-23.08 
-25.10 
-26.65 
-28.06 
-29.64 
A5" 
13K' mol"' 
181.5 
164.6 
159.3 
153.5 
130.9 
116.0 
105.1 
97.0 
153.1 
147.9 
136.7 
129.6 
115.3 
105.4 
96.9 
91.5 
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Table 3B,14: Various thermodynamic parameters for micellization of 14-6-14, 
2Br~ in selected compositions of WR-FA mixed medium at different 
temperatures. 
T 
/K 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
AG" 
m 
/kJ mol' 
-67.0 
-65.4 
-65.9 
-64.4 
-60.8 
-59.1 
-59.9 
-58.9 
-55.7 
-55.7 
-54.5 
-53.5 
A^m./«// 
/kJ mol' 
^^lans 
/kJ mol"' 
10 % FA 
-33.5 
-32.7 
-33.0 
-32.2 
4.6 
5.8 
6.1 
8.5 
20 % FA 
-30.4 
-29.5 
-30.0 
-29.5 
10.8 
12.2 
12.1 
14.0 
30 % FA 
-27.9 
-27.8 
-27.3 
-26.7 
15.9 
15.6 
17.5 
19.4 
/kJ mol' 
-61.2 
-62.4 
-66.2 
-69.1 
-57.3 
-57.4 
-62.2 
-66.2 
-47.9 
-49.4 
-51.4 
-53.7 
AS" 
/JK* mol' 
19.3 
10.2 
-1.0 
-14.5 
11.8 
5.4 
-7.4 
-22.6 
26.3 
20.7 
10.0 
-0.7 
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Table 3B.15: Compensation temperature {Tc\ enthalpy of compensation (A//^) 
and the corresponding r values of 14-6-14, 2Br~ in different mixed media in the 
temperature range of 298.15 K to 323.15 K. 
Solvent 
Pure WR 
10% WR-DO 
20% WR-DO 
30% WR-DO 
50% WR-DO 
10% WR-ME 
20% WR-ME 
30% WR-ME 
50% WR-ME 
10% WR-DMF 
20% WR-DMF 
30% WR-DMF 
50% WR-DMF 
10% WR-AN 
20% WR-AN 
30% WR-AN 
TcfK 
199.4 
142.7 
215.7 
211.9 
-51.4 
163.2 
213.8 
194.1 
197.0 
188.9 
106.3 
93.0 
66.3 
235.7 
180.3 
73.2 
^H' /kJ mol' 
-56.49 
-51.39 
-56.67 
-47.63 
-43.09 
-63.81 
-66.77 
-54.25 
-44.88 
-50.89 
-39.15 
-38.13 
-21.03 
-62.43 
-50.78 
-32.49 
r 
0.991 
0.908 
0.998 
0.968 
-0.529 
0.899 
0.960 
0.948 
0.991 
0.934 
0.896 
0.950 
0.823 
0.992 
0.991 
0.478 
(contd.) 
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10% WR-EG 
20% WR-EG 
30% WR-EG 
50 % WR- EG 
10% WR-FA 
20% WR-FA 
30% WR-FA 
79.4 
97.9 
79.6 
185.6 
245.3 
277.6 
220.6 
-35.46 
-46.22 
-33.29 
-46.35 
-65.58 
-59.89 
-53.78 
0.773 
0.894 
0.981 
0.991 
0.991 
0.986 
0.998 
The indicated compositions of solvents are volume%. 
170 
Table 3B.16: jVagg values of 14-6-14, 2Br gemini surfactant at different 
compositions of the mixed media .^ 
Volume% 
(O. S.) 
10 
20 
30 
50 
DO 
59 
46 
37 
24 
ME 
93 (45)" 
73(26)'' 
28(14)'' 
18 (6)'' 
^ a g g 
DMF 
25 
24 
20 
11 
AN 
94(35)" 
52(16)'' 
45 (7)'' 
-
EG 
61 
60 
43 
36 
FA 
99(58)" 
77(27)'' 
56(15)'' 
-
iVagg in pure water = 32 (28)^. 
'[14-6-14, 2Br- ] = 10 mM, T= 303.15 K. 
"[14-6-14, 2Br-]= 3 mM, 7=298.15 K. 
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Figure 3B.1: Plots of K: vs. [14-6-14, 2Br~] for the micellization of 14-6-14, 2Br 
in various compositions of the mixed media containing 1,4-dioxane (DO) and 
water at 303.15 K. Results obtained through fitting are shown in boxes. 
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Figure 3B.2: Plots of K VS. [14-6-14, 2Br~] for the micellization of 14-6-14, 2Br 
in various compositions of the mixed media containing 2-methoxyethanol (ME) 
and water at 303.15 K. Results obtained through fitting are shown in boxes. 
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Figure 3B.3: Plots of K vs. [14-6-14, 2Br] for the micellization of 14-6-14, 2Br~ 
in various compositions of the mixed media containing iV,A -^dimethylformamide 
(DMF) and water at 303.15 K. Results obtained through fitting are shown in 
boxes. 
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Figure 3B.4: Plots of AC VS. [14-6-14, 2Br~] for the micellization of 14-6-14, 2Br 
in various compositions of the mixed media containing acetonitrile (AN) and 
water at 303.15 K. Results obtained through fitting are shown in boxes. 
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Figure 3B.5: Plots of K vs. [14-6-14, 2Br'] for the micellization of 14-6-14, 2Br" 
in various compositions of the mixed media containing ethylene glycol (EG) and 
water at 303.15 K. Results obtained through fitting are shown in boxes. 
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Figure 3B.6: Plots of K vs. [14-6-14, 2Br] for the micellization of 14-6-14, 2Br~ 
in various compositions of the mixed media containing formamide (FA) and water 
at 303.15 K. Results obtained through fitting are shown in boxes. 
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Figure 3B.7: Plots of/c vs. [14-6-14, 2Br"] for the micellization of 14-6-14, 2Br' 
in pure water at different temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; 
(iv) 323.15 K). Results obtained through fitting are shown in boxes. 
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Figure 3B.8: Plots of A: vs. [14-6-14, 2Br"] for the micellization of 14-6-14, 2Br" 
in presence of 10 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.9: Plots of K VS. [14-6-14, 2Br] for the micellization of 14-6-14, 2Br" 
in presence of 20 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.10: Plots of K vs. [14-6-14, 2Br"] for the micellization of 14-6-14, 
2Br"in presence of 30 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.11: Plots of K VS. [14-6-14, 2Br] for the micellization of 14-6-14, 
2Br~in presence of 50 % 1,4-dioxane (DO) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
185 
02 0.4 06 O i 1.0 12 
114-6-14, 2Br"l/mM [14-6-14. 2Brl/mM 
I ..3-1 
( in) 
f • < ' 1 ' 
Data: l4-«-)4, IBr te 1« % ME 
Model; Cwpow'i nKthod 
Chi^2/00f - 0 0 n u i 2 
R"! = 0.99985 
yo 0 to 
Al IMtbl *OI3419 
A2 0 84482 iODII46 
<ix 0.I9S26 MQIUA 
\0 0 4946 i0.04104 
, , ., , 0.5 1,0 1.5 
[ 14-6-14, 2Br'l/mM (14-6-14, 2Br]/mM 
Figure 3B.12: Plots of K VS. [14-6-14, 2Brl for the micellization of 14-6-14, 
2Br"in presence of 10 % 2-methoxyethanol (ME) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.13: Plots of/c vs. [14-6-14, 2Br] for the micellization of 14-6-14, 
2Br"m presence of 20 % 2-methoxyethanol (ME) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.14: Plots of K VS. [14-6-14, 2Br~] for the micellization of 14-6-14, 
2Br~in presence of 30 % 2-methoxyethanol (ME) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.15: Plots of K VS. [14-6-14, 2Br] for the micellization of 14-6-14, 
2Br~in presence of 50 % 2-methoxyethanol (ME) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.16: Plots of K VS. [14-6-14, 2Br"] for the micellization of 14-6-14, 
2Br~in presence of 10 % A ,^Ar-dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.17: Plots of K VS. [14-6-14, 2Br] for the micellization of 14-6-14, 
2Br~in presence of 20 % A ,^iV-dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.18: Plots of K VS. [14-6-14, 2Br] for the micellization of 14-6-14, 
2Br~in presence of 30 % 7V,iV-dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.19: Plots of K VS. [14-6-14, 2Br] for the micellization of 14-6-14, 
2Br~in presence of 50 % MA^-dimethylformamide (DMF) in water at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results 
obtained through fitting are shown in boxes. 
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Figure 3B.20: Plots of K VS. [14-6-14, 2Br"] for the micellization of 14-6-14, 
2Br~in presence of 10 % acetonitrile (AN) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.21: Plots of K vs. [14-6-14, 2Br] for the micellization of 14-6-14, 
2Br"in presence of 20 % acetonitrile (AN) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.22: Plots of K VS. [14-6-14, 2Br~] for the micellization of 14-6-14, 
2Br"in presence of 30 % acetonitrile (AN) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.23: Plots of K VS. [14-6-14, 2Br"] for the micellization of 14-6-14, 
2Br"in presence of 10 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3B.24: Plots of K VS. [14-6-14, 2Br"] for the micellization of 14-6-14, 
2Brin presence of 20 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3B.25: Plots of K vs. [14-6-14, 2Br"] for the micellization of 14-6-14, 
2Brin presence of 30 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3B.26: Plots of x vs. [14-6-14, 2Br~] for the micellization of 14-6-14, 
281111 presence of 50 % ethylene glycol (EG) in water at different temperatures 
((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained 
through fitting are shown in boxes. 
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Figure 3B.27: Plots of K VS. [14-6-14, 2 6 0 for the micellization of 14-6-14, 
2Brin presence of 10 % formamide (FA) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.28: Plots of K VS. [14-6-14, 2Br"] for the micellization of 14-6-14, 
2Br"in presence of 20 % formamide (FA) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.29: Plots of K VS. [14-6-14, 2Br'] for the micellization of 14-6-14, 
2Brin presence of 30 % formamide (FA) in water at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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Figure 3B.30: Plots of CMC values of 14-6-14, 2Br vs. volume% of organic 
solvent in different water-organic solvent mixed media at 303.15 K. Solid lines 
are for visual purposes. 
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Figure 3B.31: Plots of CA/Qj values of 14-6-14, 2Br~ vs. volume% of organic 
solvent in different water-organic solvent mixed media. Solid lines are for visual 
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Figure 3B.32: Plots of A//';„ values of 14-6-14, 2Br" against the volume% of the 
organic solvent in various water-organic solvent mixed media at different 
temperatures ((i) 298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Solid 
lines are for visual purposes. 
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Figure 3B.33: Enthalpy-entropy compensation plots for the micellization of 14-
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Figure 3B.34: Plots of In (IQ/IQ) VS. [CigPC] for aqueous-organic solvent 14-6-
14,2Br" micellar solutions ([14-^14,2Br'] = 10 mM) at 303.15 K. 
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Figure 3B.35: Plots of In (IQ/IQ) VS. [CiePC] for aqueous-organic solvent 14-6-14, 
2Br" micellar solutions (selected systems, [14-6-14, 2Br"] = 3 mM) at 298.15 K. 
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CHAPTER-lV 
Conductometric and fCuorimetric 
Studies on tfie Mixed JAiceCks of 
3is(aCk^yldimetfiy(aninu>niuni)0ut^ 
T>i0romide (ni-4-m, z'Bir; m = 14, 16) 
witfi J\(kyCtHnietfiy(unmwniuni 'Bro-
mide (C^JA!B) Surfactants in tfie 
Tresence and JABsence of TthyCem 
QCycoC 
Introduction 
Solution and interfacial properties of surfactants, both in presence and 
absence of additives have been getting special attention among various research 
groups/industries due to the applicability of these materials in many areas ranging 
from household to oil recovery process. In all cases, basically, their ability to 
adsorb at the interfaces (between the solution and the adjacent solid, liquid, or 
gaseous phase) and/or to aggregate in the solution (because of amphiphilic nature) 
makes them suitable for the possible applications. The results presented in 
Chapter-Ill shows that various properties of micellar solutions can be significantly 
altered by the addition of organic solvents like ethylene glycol (EG). 
From application view points, mixed micelles are considered to be more 
versatile than the micelles of individual components,' and the substantial 
difference in their properties after mixing makes the study more interesting. 
Generally, according to the conditions, various theoretical models such as Clint,^  
Rubingh,^  Maeda,'* Rosen,^"' Motomura,*'^  etc., have been used to interpret the 
formulation of mixed micelles. It can be seen that a major part of the studies 
reported on the mixed micelles involving monomeric and gemini surfactants are 
committed to elucidate the size and microstructure of the micelle.'"''* Also, the 
majority of the reported studies on mixed micellization were performed only at a 
particular temperature,'^ "•'^  and hence the energetics of micellization (from the 
sensitivity of the temperature ' ) has not been determined. Moreover, the effects 
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of a polar organic solvent like EG on the molecular interactions of the mixed 
micelles containing gemini surfactant have not been explored. 
In view of the above facts, herein, we present a study on the mixed 
micellization of bis(alkyldimethylammonium)butane dibromide (referred as m-4-
m, 2Br~; m = 14, 16) with their conventional monomeric counterparts 
alkyltrimethylammonium bromide (CmTAB), in the presence and absence of 
ethylene glycol (EG, 30 vol%) at different temperatures ranging from 298.15 K to 
323.15 K. The average aggregation number (iVagg) of the mixed micelles was 
calculated from fluorescence measurements at 298.15 K. The experimental data 
were analyzed in the light of theoretical models proposed by Clint, Rubingh, and 
Rodenas. In addition to noting the effect of temperature on micellization, various 
thermodynamic parameters of micellization were calculated from the temperature 
dependence of the CMC values assuming mass-action model"'^ '^ '* for micelle 
formation. 
EG is one of the most commonly used additive (due to its resemblance with 
water in certain characteristic properties) and its biological importance with regard 
to understanding of hydrophobic effect in relation with protein denaturation has 
been known long before.''^  Earlier studies have shown that the micellization at 
lower compositions of EG (up to 20 % composition) in WR-EG mixed media 
seems to occur under the same structural conditions as in pure water,^ '^'^  while at 
higher compositions of EG the exact determination of various parameters becomes 
complicated. This was the reason for the selection of an intermediate composition 
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(30 vol%) of EG. To the best of our knowledge, till date, no study has been 
reported on the mixed micellization of the selected gemini surfactants with their 
conventional counterparts in aqueous-EG mixed medium. The study can provide 
knowledge about the influence of added EG and variation in the temperature on: 
(i) the interaction between the gemini and monomeric surfactants and (ii) the 
physicochemical properties of the mixed micelles of the said components. 
Results and Discussion 
Critical micelle concentration (CMC) and degree of counterion dissociation (g): 
It is well known that the physical properties of surfactant solutions change with 
concentration at different rates in the pre- and post-micellar regions. For ionic 
surfactants, conductivity measurement is the most widely used technique for the 
determination of CMC. It is important to have an appropriate method to obtain 
reliable CMC values as this influence other micellization parameters. Here also 
we have, therefore, used the method proposed by Carpena et al.^ ^ to determine the 
CMC values. Plots of K VS. [total surfactant] along with the results of iterative 
fitting (Carpena's method) obtained for different mole fractions of surfactants (14-
4-14, 2Br~ and C H T A B ) are shown in Figures 4.1 to 4.12. To save pages, in case 
of 16-4-16, 2Br~+ CigTAB mixed micelles, the resuhs of the fitting have not been 
shown; only the K vs. [total surfactant] plots at their all studied mole fractions are 
shown (Figure 4.13). The degree of counterion dissociation (g) was determined as 
g - AjlAx. Values of CMC and g at all mole fractions, in the presence and absence 
of EG, are summarized in Tables 4.1 and 4.2, respectively. 
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In all cases, the CMC values were more in WR-EG mixed medium due to 
less favoured transfer (compared to that in pure WR) of the hydrophobic portion 
of the surfactant monomers into the micellar core. This may be caused by the 
modification to certain interactions such as repulsive interaction between the ionic 
head groups, hydrophobic interaction of long chain hydrocarbon tail groups, etc., 
by the presence of EG.^ '^"'^  The CMC values of both pure and mixed surfactants 
rose with increase in the temperature (in the presence and absence of EG) and this 
disfavouring of micellization would be due to disruption of WR structure 
surrounding the tails of the surfactant monomers. At the same time, an increase in 
the temperature can also decrease the degree of hydration of hydrophilic groups 
which, in turn, favours the micellization process. As evidenced from experimental 
values, however, this is not dominant here. 
For an ionic surfactant, micelle formation is associated with two types of 
opposing forces: (i) removal of hydrocarbon chains from bulk phase to micellar 
phase which favours aggregation and, (ii) electrostatic repulsion between the 
identically charged head groups which opposes the process of aggregation. The 
information about the degree of counterion dissociation is important as it, in turn, 
gives an idea about the bounded counterions to the micelles which causes a 
screening effect to the second type of interaction.'"' Although we have not got a 
general trend for the values of g with respect to composition of the mixed state, it 
can be seen (from Table 4.2) that they (the values) are less for pure surfactants 
(than, when they are in mixed state) in presence and absence of EG at all the 
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temperatures. In the case of 14-4-14, 2Br~ + C14TAB, a rough increase in their 
values was found with the decrease in the mole fraction of the 14^^14, 2Br~. At a 
particular mole fraction, in most of the cases, the values increased gradually with 
the rise in temperature. 
The ideal CMC (CMC*) values, given in Table 4.3, for the mixed surfactant 
systems were calculated using Clint^  Eq. (4.1), assuming no interaction among the 
surfactant monomers (a case of ideal mixing). 
^ - " ' + - ^ ^ (4.1) 
CMC CMC, CMC, 
In this equation a\ is the mole fraction of the gemini surfactant, a2 that of 
the monomeric surfactant, and CMC\ and CMC2 are their respective CMC values 
in pure state. 
Values of CMC in all the systems are given in Table 4.3. Figures 4.14 and 
4.15 depict the deviation of CMC from the ideal value (CMC) for the 
micellization of m-4-m, 2Br~ gemini surfactants with conventional CmTAB 
surfactants in presence and absence of EG, against the bulk stoichiometric mole 
fractions at the studied temperatures. In the mixed state, the CMC values were in 
between the CMCs of the pure components. A nonideal behaviour, both in 
presence and absence of EG due to attractive interaction between the components 
of the studied surfactant monomers, is clear from the mentioned results (Figures 
4.14 and 4.15). In both the media (WR and WR-EG), the deviation decreased with 
the increase in mole fraction of the gemini surfactant in the mixed state. This 
216 
suggests that a significant non-ideal mixing takes place as soon as the gemini 
surfactants (lower mole fractions) are added to the pure conventional micellar 
solutions. Furthermore, the deviation decreases as the 'm' reduces from 16 to 14. 
Gemini-conventional surfactant interaction: Assuming ideal mixing, it is 
possible to calculate the micelle mole fraction of the gemini surfactant using Eq. 
(4.2) 
a£MC, 
' a,CMC^+i\-a^)CMC. 
The experimental results can further be interpreted on the basis of Rubingh's 
regular solution theory (RST),^  which allows the evaluation of micelle mole 
fraction of the gemini surfactant (A',""*) and interaction parameter between the 
gemini and monomeric surfactants in mixed micelles (/?) by iteratively solving the 
equations: 
[X^"" ln(CMCa, /CMqX^"')] 
(1 -X^"') ' ln[CMC(l-a,)/CMC,(1 -X,"")] = 1 (4.3) 
ln(CMCa, /CMCX"') ^ "^(<^^ <^ ^2 /CMC.X^"') 
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The activity coefficients of gemini (/,""'') and monomeric (//"'') surfactants 
within the micelles can then be calculated using following Eqs. (4.5) and (4.6). 
ff"'=exp{J3 (l-^,''"*)^} (4.5) 
/.'""^txpifi {XrY} (4.6) 
The values ofATf*, Z,*, y9, /,''"*and //"* in WR and WR-EG mixed 
medium at the studied temperatures are listed in Table 4.4. The deviation of Z,""* 
from X^ values with flgemini surfactant during the mixed micellization of m-4-m, 2Br" 
and CmTAB at different temperatures are shown in Figures 4.16 (14-4-14, 2Br'' + 
C14TAB) and 4.17 (16-^-16, 2Br~ + CieTAB). On the basis of Rubingh's 
treatment, the fraction of gemini surfactant in the studied mixed micelles is found 
to be more at all temperatures and in most of the cases it decreases by the presence 
of added EG. 
Generally, a yS value equal to zero indicates no interaction, whereas negative 
and positive values suggest attractive (synergism) and repulsive interactions 
(antagonism), respectively. Also, higher the negative or positive y5 value, stronger 
is the respective interaction. However, it has been established"" that the 
phenomenon of attractive and repulsive interactions in mixed micelles are called 
'synergism' and 'antagonism', respectively, if it obeys two conditions which are 
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(i) P must be negative, and (ii) \0\ '• In ' CMC,' 
^CMC2 y 
.. In the studied systems, although 
first condition is fulfilled, the second one fails except in a few cases (fulfilling the 
both conditions). It is, therefore, more appropriate to use the term 'attractive 
interaction' rather than 'synergism' in the studied cases. 
Due to minimum partitioning of the monomeric surfactants into mixed 
micelles, its activity co-efficient //"* is lower than /j""* (the activity coefficient 
of the gemini surfactants). An attractive nonideal behaviour between the 
components is indicated by the values of /j""* and//"*, which are always less than 
unity at all the temperatures. The values of /3 do not show any constancy but 
become more negative with the decrease in mole fraction of the gemini surfactant 
showing a more attractive interaction between the components. The negative 
values of P have commonly been attributed to the interaction between the head 
groups leading to electrostatic stabilization. For m = 14 mixed micelles, p values 
show an unanticipated behaviour (fi values obtained are less negative for the 
mixed system containing higher mole fractions (0.6, 0.8) of gemini component in 
aqueous medium whereas it is more negative at these mole fractions in presence of 
EG), which is not obtained for m = 16 mixed micelles. The non-constancy of yS 
with the mixture composition has been observed in earlier studies also.'^ '^ *^ Due to 
this non-constancy, an average value of /? (y9av) was considered to extract some 
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interesting information from the study. It was found that, for the mixed micelles of 
m-4-m, 2Br" and CmTAB, 
(i) in presence and absence of EG, the interaction between the components 
is more (less ideal behaviour) with m = 16 than m = 14 at all the four 
temperatures, 
(ii) the ideality is more in presence of EG, although the variation in /?av is 
not so much in case of m = 14, and 
(iii) except for 16-4-16, 2Br" + CeTAB in WR-EG, y9av values show a fall 
and rise with respect to temperature (plots of yffav against temperature are 
shown in Figure 4.18). 
The experimental data have also been analyzed using the method 
proposed by Rodenas et al.,^ ^ which is based on Lange's model'*^  and uses the 
Gibbs-Duhem equation to relate activity coefficients of the components in the 
mixed micelles. From this approach, one may obtain the micellar mole fractions of 
the components, if the CMCs of the mixtures are known as a function of bulk 
stoichiometric mole fractions, from the expression: 
X,"^ = -(1 - or,) + a, (4.7) 
The activity coefficients were calculated using the equations: 
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rRod _ CC^CMC ,^ g. 
, , ^_ (l-a,)CA/C 
{y-x^'"')CMC 
Table 4.5 summarizes the values of X^"^, f^"'" and //"^ and at different 
temperatures for the studied systems. It can be seen that the fraction of gemini 
surfactants in mixed micelles are more than their stoichiometric mole fractions, as 
obtained from the Rubingh model. The activity coefficients of the gemini and 
monomeric components obtained from this treatment are, in most of the cases, 
respectively higher and lower than that from the Rubingh model. Both tail-tail 
interaction of the gemini and monomeric surfactants in the micellar core and the 
electrostatic interaction between the charged head groups at the interface have to 
be taken into account to discuss the interactions of binary mixtures. The structural 
difference in the head groups of the studied components is expected to affect the 
interaction between the components and thereby their physical properties. In 
presence of EG, as its incorporation into the micelles is not expected, the 
difference in non-ideality in WR and WR-EG mixed media could be due to the 
alterations in the electrostatic interactions between the head groups. At moderately 
high concentration, CisTAB surfactant forms sphero-cylindrical micelles'*^ 
whereas rod shaped micelles are formed by gemini surfactant 16-4-16, 2Br" (even 
at fairly low concentrations "*). The study shows a less ideal behaviour when the 
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components which have the tendency to form micelles of different shape and size 
are mixed. 
With the aim of obtaining additional information about the mixed systems, 
we have evaluated the excess free energy of micellization (Ggx) through the 
following equations:"*^ 
G^' = RTIX^"' In /,""* + (1 - A-,""*) In //"* ] (4.10) 
G^ = RT[X^ In /,""" + (1 - X^ ) In f,^"^ ] (4.11) 
The values, given in Table 4.6, are negative in both approaches; indicating 
formation of stable mixed micelles. In all the studied systems, with an exception to 
14-4-14, 2Br~ + C H T A B in WR-EG, large introduction of the monomeric 
surfactants makes the mixed micelles more stable; this is also supported by /? 
obtained from Rubingh approach. The magnitude of Gj^ "* was found to be more 
for the surfactant mixture having larger hydrophobic tail length and the order of 
stability can be written (if one takes the average of their values at 298.15 K) as: 
16-4-16, 2Br-+ CigTAB in WR (1.22 kJ mol"') > 16-4-16, 2Br-+ C,6TAB in 
WR-EG (0.84 kJ moP') > 14^-14, 2Br-+ C^TAB in WR (0.61 kJ moP') > 14-
4-14, 2Br" + C H T A B in WR-EG (0.49 kJ moP'). Although there is some 
disorderliness at higher temperatures, the values being 1.79, 1.62, 0.99 and 0.48 at 
298.15 K, the magnitude of G '^"' also follows the same order. For a given mixture 
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either in WR or in WR-EG, their average values roughly increased with respect to 
temperature (see Table 4.6). 
Average aggregation number (A'^ gg): Linear plots of In (WIQ) vs. [Q], from which 
the slopes were deduced, for the studied pure surfactants and their mixtures in 
presence and absence of EG at 298.15 K, are given in Figure 4.19. The A^agg values 
obtained for the studied surfactant mixtures in presence and absence of EG are 
summarized in Table 4.7. 
Before discussing the values, it is worth noting that the concentration of the 
surfactant is one of the factors that significantly influences the value of A^agg- For 
gemini surfactants, an increase in A^agg has been reported with the increase in 
surfactant concentration. The increase has been found to become steeper for short 
spacesed (s = 3-5) gemini surfactants.''^  On the other hand, comparing A^agg 
measured at different concentrations lacks physical meaning due to above reason. 
It is common practice to fix the concentration above the system having higher 
CMC. However, on doing this, as there is a large difference between the CMCs of 
the individual components, the fixed concentrations (8 mM and 4 mM for m = 14 
and 16) are many times more than the CMCs of the gemini components. As can be 
seen in Table 4.7, the higher N^^g values obtained could be due to this reason. 
For a given monomeric'* '^** and gemini surfactant,'*''^ '^  a decrease in A'^agg 
was reported in the presence of EG. The values recorded in the Table 4.7 are in 
agreement with this observation for both pure and mixed micelles and this 
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decrease could be due to the decrease in interfacial Gibbs energy (AG,„,^ )^. That 
is, the addition of EG influences the magnitude of AG°,^ ^ which is dependent on 
the size of the micelle and is proportional to hydrocarbon (micellar core)-bulk 
phase interfacial tension^*'^ ^ to Gibbs energy of micellization. In mixed systems, 
an increase in A^agg can be seen with the decrease in mole fraction of the gemini 
surfactants. One may expect such type of behaviour due to the structural 
difference between the gemini and monomeric surfactants; since in the case of 
gemini surfactants a double number of hydrophobic chains (than the iVagg) have to 
be packed in the interior of the micelle. 
Thermodynamics of Micellization: For ionic monomeric surfactants, assuming 
equilibrium model for micelle formation, various thermodynamic parameters such 
as Gibbs energy of micellization (AG°), enthalpy of micellization (A//|^), and 
entropy of micellization (AS°) were deduced, from the temperature dependence of 
the CMC values, through the following equations: 
^G:^RT(2-g)lnx,,, (4.12) 
M/:=-/?rH2-g)[^^]^ (4.13) 
^,^AH:-AG: ^4^4^ 
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where R,T have their usual meanings, g is the degree of counter ion dissociation 
and XcMC is the critical micelle concentration expressed in mole fraction scale. 
Here, the ratio of CMC to the total concentration of all components in the system 
was calculated to get the XCMC (i-e., the values were calculated as XCMC = CMC I 
{CMC + number of moles of the solvent)). For the micellization in pure water and 
in 30 % WR-EG mixed medium, the number of moles of solvents are taken as 
55.556 and 44.207 mol dm'"', respectively. The values of d In XCMC IdT were 
obtained from the slope of the linear plots made between In XCMC and T. As the 
fraction of gemini surfactant, estimated through Rubingh and Rodenas analyses, 
was higher in the mixed micelles, the above equations were only used for the pure 
monomeric systems (C14TAB and CieTAB in WR or WR-EG). For pure gemini as 
well as their mixtures with monomeric surfactants, modified form of Eqs. (4.12) 
and Eq. (4.13) (see below) were used:" 
^G:=RT(^-2g)\nx,^, (4.15) 
(^3-2g)[^  A H ! = - / ? r H 3 - 2 g ) ^ ^ ^ ] (4.16) 
The AG°, A//° and AS"" values of the studied components in their single and 
mixed states at different temperatures are presented in Table 4.8. Due to missing 
of any particular trend in the g values with respect to temperature, average values 
of g (gav) were used in the above equations. The data clearly show that, although 
225 
the micelle formation is spontaneous in all the cases, the spontaneity reduces with 
the increase in mole fraction of the monomeric surfactant in the mixture. The AG° 
values are found to be least (more negative) for pure gemini surfactants, both in 
presence and absence of EG, and this could be attributed to their ability to transfer 
more than one chain at a time from the background solvent to the micelle phase. 
However, in the mixed state, the intercalation of the monomeric surfactants makes 
some hindrance to this simultaneous transfer and hence the value increases with 
respect to its mole fraction in the mixture. At a given mole fraction, the data 
(A(j^) show a weak dependence on temperature for the micellization of both pure 
and mixed components. Values of A//° show that mixed micellization of the 
studied surfactant mixtures is exothermic and its magnitude depends on the 
composition of the surfactant mixture, that of the medium, and temperature. The 
positive values of AS" decreased with increase in temperature for a particular 
composition of the surfactant mixture causing an effective decrease in the degree 
of randomness of the system. This implies that the ordering of randomly oriented 
surfactant molecules from the solvated form into the micelle structure is more 
pronounced than the destruction of water structure by the increase in the 
temperature. Further, it can be seen that the AG° values are less in pure water than 
in WR-EG mixed medium at all mole fractions; that is, the micellization process 
becomes less favourable in presence of EG. The effect of EG on the micellization 
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can be estimated through the Gibbs energy of transfer values, AG°„„,, by using Eq. 
(4.17): 
AG,L=AGV,^)-AGV,) (4.17) 
The values of AG°^ „^  are summarized in Table 4.9. It can be seen that the presence 
of EG in the bulk phase reduces the spontaneity of the micellization process of 
pure m-4-m, 2Br"', pure CmTAB and their mixtures. The presence of EG in 
aqueous micellar solution decreases both the solvophobicity of the surfactant tails 
in the medium and the polarity of the bulk phase. The two effects, respectively, 
enhance the solubility and repulsion between the ionic head groups of the 
surfactant monomers which, in turn, become reasons for the decrease in the 
spontaneity of pure surfactants/or their mixtures to aggregate. 
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Table 4.1: Experimental CMC values of m-4-m, 2Br~ + CmTAB mixed micelles 
(m = 14, 16) at various stoichiometric mole fractions of the components in 
presence and absence of ethylene glycol (EG, 30 vol%). 
f Z — A M " l l l l . ^ 
—lu—*i—nif xor 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
298.15 K 
0.116 
0.138 
0.187 
0.230 
0.320 
3.558 
0.446 
0.476 
0.516 
0.974 
1.645 
5.651 
CMC/mM 
303.15K 
m = 14 in WR 
0.153 
0.187 
0.220 
0.282 
0.374 
3.765 
m = 14 in WR-EG 
0.561 
0.597 
0.632 
1.117 
1.852 
5.902 
313.15 K 
0.178 
0.216 
0.277 
0.304 
0.401 
3.900 
0.651 
0.719 
0.843 
1.222 
1.953 
6.242 
323.15 K 
0.204 
0.284 
0.307 
0.365 
0.470 
3.995 
0.835 
0.948 
0.984 
1.436 
2.327 
7.448 
(contd.) 
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1.0 
0.8 
0.6 
0.4 
0.2 
0 
m = 
0.028 
0.034 
0.038 
0.044 
0.060 
0.914 
16 in WR 
0.034 
0.038 
0.044 
0.055 
0.083 
0.982 
0.055 
0.059 
0.064 
0.078 
0.111 
1.256 
0.062 
0.074 
0.080 
0.096 
0.168 
1.485 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
m = 16 in WR-EG 
0.088 0.103 
0.104 0.122 
0.139 0.149 
0.151 0.171 
0.162 0.188 
1.487 1.606 
0.155 
0.169 
0.191 
0.208 
0.216 
1.843 
0.188 
0.204 
0.207 
0.220 
0.256 
2.087 
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Table 4.2: Degree of counterion dissociation (g) values of m-4-m, 2Br~ + CmTAB 
mixed micelles (m = 14, 16) at various stoichiometric mole fractions of the 
components in presence and absence of ethylene glycol (EG, 30 vol%). 
''fni-4-m, 2Br~ 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
298.15 K 
0.289 
0.320 
0.343 
0.353 
0.393 
0.215 
0.231 
0.250 
0.267 
0.352 
0.382 
0.258 
g 
303.15 K 
m = 14 in WR 
0.294 
0.324 
0.296 
0.342 
0.322 
0.263 
m = 14 in WR-EG 
0.216 
0.260 
0.294 
0.362 
0.453 
0.276 
313.15 K 
0.347 
0.310 
0.390 
0.392 
0.389 
0.266 
0.238 
0.247 
0.247 
0.364 
0.440 
0.290 
323.15 K 
0.375 
0.353 
0.391 
0.390 
0.436 
0.295 
0.220 
0.224 
0.277 
0.376 
0.442 
0.359 
(contd.) 
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1.0 
0.8 
0.6 
0.4 
0.2 
0 
m = 16 in 
0.362 
0.398 
0.561 
0.552 
0.483 
0.317 
WR 
0.411 
0.368 
0.562 
0.561 
0.503 
0.302 
0.435 
0.402 
0.498 
0.583 
0.511 
0.303 
0.454 
0.441 
0.490 
0.595 
0.508 
0.319 
m = 16 in WR-EG 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
0.459 
0.500 
0.506 
0.563 
0.485 
0.239 
0.428 
0.573 
0.489 
0.624 
0.603 
0.238 
0.448 
0.448 
0.577 
0.615 
0.475 
0.259 
0.435 
0.614 
0.535 
0.618 
0.534 
0.281 
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Table 4.3: Ideal CMC {CMC*) values, calculated using Clint equation, for m-4-
m, 2Br~ + Cn,TAB mixed micelles (m = 14, 16) at various stoichiometric mole 
ISractions of the components in presence and absence of ethylene glycol (EG). 
flLw> A, m "} n r^ 
"^ni *f nij XDr 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
298.15 K 
0.144 
0.190 
0.277 
0.514 
0.547 
0.706 
0.997 
1.695 
0.035 
0.046 
0.068 
0.126 
0.108 
0.141 
0.202 
0.355 
CMC'/mM 
303.15 K 
in = 14 in WR 
0.189 
0.248 
0.360 
0.657 
m = 14 in WR-EG 
0.685 
0.879 
1.228 
2.032 
m = 16 in WR 
• 0.042 
0.055 
0.080 
0.149 
m = 16 in WR-EG 
0.126 
0.164 
0.234 
0.409 
313.15 K 
0.220 
0.287 
0.416 
0.751 
0.793 
1.015 
1.407 
2.297 
0.068 
0.089 
0.129 
0.234 
0.190 
0.245 
0.344 
0.580 
323.15 K 
0.252 
0.329 
0.474 
0.848 
1.016 
1.295 
1.787 
2.883 
0.077 
0.101 
0.146 
0.266 
0.230 
0.295 
0.414 
0.690 
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Table 4.4: Values of experimental and ideal mole fractions of gemini in micellar 
phase, interaction parameter and activity coefficients of m-4-m, 2Br~ + CmTAB 
mixed micelles in presence and absence of EG at different temperatures as 
obtained from Rubingh model. 
^''m-l-m, 2Br~ 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
X*"* 
m = 
0.955 
0.966 
0.835 
0.705 
m = 
0.978 
0.886 
0.805 
0.676 
K 
14 in WR, T = 
0.992 
0.979 
0.953 
0.884 
= 14 in WR, T = 
0.990 
0.974 
0.943 
0.860 
P 
•• 298.15 K 
-1.93 
-0.52 
-2.07 
-2.84 
-1.84 (Av) 
 303.15 K 
-0.85 
-2.01 
-2.27 
-3.08 
fRub 
0.996 
0.999 
0.945 
0.781 
1.000 
0.974 
0.917 
0.724 
Si 
0.173 
0.618 
0.235 
0.244 
0.445 
0.205 
0.230 
0.245 
-2.05 (Av) 
m = 14 in WR,T = 313.15 K 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.991 
0.939 
0.778 
0.659 
m = 
0.980 
0.911 
0.989 
0.971 
0.936 
0.846 
 14 in WR, T = 
0.987 
0.967 
0.20 
-0.86 
-2.58 
-3.27 
-1.63 (Av) 
323.15 K 
-0.50 
-1.29 
1.000 
0.997 
0.880 
0.684 
1.000 
0.990 
1.213 
0.467 
0.210 
0.241 
0.620 
0.344 
(contd.) 
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0.4 
0.2 
0.789 
0.657 
0.929 
0.830 
-2.17 
-3.00 
-1.74 (Av) 
0.908 
0.702 
0.260 
0.274 
m = 14 in WR-EG, T = 298.15 K 
0.8 
0.6 
0.4 
0.2 
0.883 
0.788 
0.876 
0.746 
0.981 
0.950 
0.894 
0.760 
-2.48 
-2.83 
-0.23 
-0.16 
-1.43 i (Av) 
0.967 
0.881 
0.996 
0.990 
0.144 
0.172 
0.837 
0.916 
m = 14 in WR-EG, T = 303.15 K 
0.8 
0.6 
0.4 
0.2 
0.880 
0.776 
0.816 
0.689 
0.977 
0.940 
0.875 
0.725 
-2.30 
-2.75 
-0.72 
-0.45 
-1.56 (Av) 
0.967 
0.871 
0.976 
0.958 
0.169 
0.191 
0.618 
0.808 
m = 14 in WR-EG, T = 313.15 K 
0.8 
0.6 
0.4 
0.2 
0.900 
0.822 
0.785 
0.655 
0.975 
0.935 
0.865 
0.706 
-1.81 
-1.77 
-0.98 
-0.75 
-1.33 (Av) 
0.982 
0.946 
0.956 
0.915 
0.230 
0.303 
0.547 
0.726 
0.8 
m = 14 in WR-EG, T = 323.15 K 
0.917 0.973 -1.41 0.990 0.305 
(contd.) 
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0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.785 
0.750 
0.633 
m = 
0.970 
0.859 
0.763 
0.668 
in = 
0.917 
0.840 
0.772 
0.684 
m = 
0.890 
0.801 
0.734 
0.648 
m 
0.953 
0.836 
0.753 
0.691 
0.930 
0.856 
0.690 
16 in WR, T = 
0.992 
0.980 
0.955 
0.889 
= 16 in WR, T = 
0.991 
0.978 
0.951 
0.879 
 16 in WR, T = 
0.989 
0.972 
0.938 
0.851 
= 16 in WR, T 
0.990 
0.973 
0.941 
0.857 
-2.28 
-1.38 
-0.95 
-1.50 (Av) 
298.15 K 
-1.49 
-2.89 
-3.61 
^.12 
-3.03 (Av) 
303.15 K 
-2.81 
-3.12 
-3.19 
-3.30 
-3.11 (Av) 
313.15 K 
-3.11 
-3.56 
-3.64 
-3.84 
-3.54 (Av) 
= 323.15 K 
-1.70 
-2.90 
-3.28 
-2.57 
-2.61 (Av) 
0.900 
0.917 
0.880 
0.999 
0.944 
0.817 
0.635 
0.981 
0.923 
0.848 
0.718 
0.963 
0.868 
0.773 
0.621 
0.996 
0.925 
0.818 
0.782 
0.246 
0.462 
0.682 
0.247 
0.118 
0.122 
0.159 
0.094 
0.111 
0.149 
0.214 
0.085 
0.102 
0.141 
0.200 
0.213 
0.132 
0.156 
0.293 
(contd.) 
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0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
0.8 
0.6 
0.4 
0.2 
m = 
0.948 
0.949 
0.772 
0.625 
m = 
0.952 
0.889 
0.761 
0.620 
m: 
0.895 
0.807 
0.701 
0.586 
m 
0.890 
0.772 
0.678 
0.581 
16 i 
= 16 
= 16 
= 16 
n WR-EG, 
0.985 
0.962 
0.919 
0.809 
in WR-EG, 
0.984 
0.959 
0.913 
0.797 
in WR-EG, 
0.979 
0.947 
0.888 
0.748 
in WR-EG 
0.978 
0.943 
0.881 
0.735 
T = 298.15 K 
-1.45 
-0.35 
-2.22 
-3.74 
-1.94 (Av) 
T = 303.15 K 
-1.28 
-1.38 
-2.28 
-3.65 
-2.15 (Av) 
T = 313.15 K 
-2.18 
-2.37 
-3.02 
-4.33 
-2.97 (Av) 
, T = 323.15 K 
-2.18 
-2.94 
-3.55 
-4.31 
-3.24 (Av) 
0.996 
0.999 
0.891 
0.590 
0.997 
0.983 
0.878 
0.590 
0.976 
0.915 
0.764 
0.476 
0.974 
0.858 
0.692 
0.469 
0.271 
0.728 
0.266 
0.232 
0.315 
0.336 
0.267 
0.246 
0.175 
0.214 
0.226 
0.227 
0.177 
0.174 
0.196 
0.234 
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Table 4.5: Values of experimental mole fractions of gemini in micellar phase and 
activity coefficients of m-4-m, 2Br~ + CmTAB mixed micelles in presence and 
absence of EG at different temperatures as obtained from Rodenas model. 
^m-4-in, 2Br~ 
WR WR-EG (30 vol%) 
\rRod fRod fRod v Rod f Rod fRod 
^ 1 / l Jl ^ 1 / l Jl 
0.8 
0.6 
0.4 
0.2 
0.991 
0.906 
0.722 
0.464 
0.960 
1.067 
1.098 
1.189 
in = 14, 
0.863 
0.225 
0.140 
0.134 
T = 298.15 K 
0.858 
-
-
0.619 
0.995 
-
-
1.191 
0.8 
0.6 
0.4 
0.2 
0.945 
0.846 
0.718 
0.426 
1.034 
1.019 
1.026 
1.148 
m = 14, T = 313.15 K 
0.119 
0.612 
m = 14, T = 303.15 K 
0.182 0.848 1.004 0.133 
0.152 0.976 0.693 1.777 
0.160 _ _ _ 
0.138 0.604 1.092 0.635 
0.8 
0.6 
0.4 
0.2 
0.8 
0.977 
0.805 
0.622 
0.422 
0.963 
0.994 
1.160 
1.098 
1.069 
1.156 
0.479 
0.146 
0.124 
0.142 
m = 
0.389 
14, T 
0.903 
0.918 
0.904 
0.575 
= 323.15 K 
0.866 
0.978 
0.846 
0.830 
1.043 
1.049 
0.238 
0.661 
1.225 
0.589 
0.190 
(contd.) 
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0.6 
0.4 
0.2 
0.751 
0.656 
0.402 
1.203 
1.092 
1.145 
0.123 
0.159 
0.157 
0.849 
0.916 
0.586 
0.833 
0.751 
0.951 
0.350 
1.384 
0.604 
0.8 
0.6 
0.4 
0.2 
0.922 
0.755 
0.674 
0.448 
1.053 
1.079 
0.933 
0.956 
m = 16, T = 298.15 K 
0.096 0.983 0.962 0.816 
0.068 0.824 1.151 0.212 
0.089 0.492 1.395 0.120 
0.095 0.256 1.437 0.117 
0.8 
0.6 
0.4 
0.2 
0.903 
0.822 
0.781 
0.529 
0.990 
0.945 
0.829 
0.923 
m = 16, T = 303.15 K 
0.080 0.948 1.000 0.290 
0.101 0.803 1.081 0.188 
0.153 0.539 1.231 0.139 
0.144 0.276 1.323 0.129 
0.8 
0.6 
0.4 
0.2 
0.861 
0.768 
0.730 
0.482 
0.997 
0.910 
0.777 
0.837 
m = 16, T = 313.15 K 
0.067 0.884 0.987 0.157 
0.088 0.725 1.020 0.151 
0.138 0.474 1.133 0.129 
0.137 0.230 1.211 0.122 
0.8 
0.6 
0.4 
0.2 
0.902 
0.756 
0.845 
0.648 
1.059 
1.024 
0.733 
0.837 
m = 16, T = 323.15 K 
0.102 0.839 1.035 0.121 
0.088 0.645 1.024 0.112 
0.251 0.527 0.887 0.134 
0.257 0.321 0.848 0.145 
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Table 4.6: Excess Gibbs energy values of m-4-m, 2Br" + Cn,TAB mixed micelles 
in presence and absence of EG at different temperatures calculated from Rubingh 
and Rodenas models. 
flm-4-m, 2Br~ 
0.8 
0.6 
0.4 
0.2 
average 
0.8 
0.6 
0.4 
0.2 
average 
0.8 
0.6 
0.4 
0.2 
average 
0.8 
0.6 
/kJ mol"' 
-0.205 
-0.042 
-0.707 
-1.466 
-0.605 
-0.046 
-0.512 
-0.900 
-1.698 
-0.789 
0.005 
-0.129 
-1.161 
-1.912 
-0.799 
-0.026 
-0.282 
WR 
/kJ mol' 
in = 
m 
m 
m 
 14,T = 
-0.103 
-0.200 
-1.187 
-2.468 
-0.990 
= 14, T = 
-0.152 
-0.676 
-1.235 
-2.669 
-1.183 
= 14, T = 
-0.057 
-0.635 
-1.814 
-2.727 
-1.308 
= 14, T = 
0.261 
-0.951 
WR-
^Rub 
/kJ mol' 
298.15 K 
-0.635 
-1.173 
-0.062 
-0.075 
-0.486 
303.15 K 
-0.612 
-1.207 
-0.273 
-0.242 
-0.584 
= 313.15 K 
-0.426 
-0.673 
-0.429 
-0.438 
-0.491 
= 323.15 K 
-0.290 
-1.033 
-EG (30 vol%) 
f-iRod 
/kJ mol' 
-0.759 
-
-
-0.195 
-0.477 
-0.753 
-0.854 
-
-0.313 
-0.640 
-0.393 
-0.464 
-0.368 
-0.497 
-0.431 
-0.451 
-0.778 
(contd.) 
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0.4 
0.2 
average 
0.8 
0.6 
0.4 
0.2 
average 
0.8 
0.6 
0.4 
0.2 
average 
0.8 
0.6 
0.4 
0.2 
average 
0.8 
0.6 
0.4 
0.2 
average 
-0.970 
-1.818 
-0.774 
-0.109 
-0.871 
-1.617 
-2.266 
-1.216 
-0.537 
-1.059 
-1.415 
-1.801 
-1.203 
-0.792 
-1.479 
-1.848 
-2.280 
-1.600 
-0.203 
-1.067 
-1.640 
-1.475 
-1.096 
-1.427 
-2.604 
-1.180 
m = 16, T = 
-0.334 
-1.494 
-2.075 
-3.267 
-1.793 
m 
-0.629 
-1.130 
-1.383 
-2.370 
-1.378 
m = 16, T = 
-0.938 
r 
-1.583 
-1.780 
-2.768 
-1.767 
m = 16, T = 
-0.428 
-1.422 
-1.183 
-1.473 
-1.127 
298.15 K 
= 16, T = 
-0.693 
-0.596 
-0.653 
-0.176 
-0.042 
-0.970 
-2.174 
-0.841 
303.15 K 
-0.147 
-0.343 
-1.046 
-2.168 
-0.926 
313.15 K 
-0.533 
-0.962 
-1.646 
-2.733 
-1.469 
= 323.15 K 
-0.574 
-1.391 
-2.081 
-2.818 
-1.716 
-0.584 
-0.590 
-0.601 
-0.103 
-0.391 
-2.265 
-3.723 
-1.621 
-0.161 
-0.662 
-1.977 
-3.480 
-1.570 
-0.562 
-1.257 
-2.528 
-3.908 
-2.064 
-0.773 
-1.888 
-2.512 
-3.385 
-2.140 
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Table 4.7: Average aggregation numbers (//agg) of m-4-m, 2Br + CmTAB mixed 
micelles in presence and absence of EG (30 vol%) at 298.15 K.^  
1.0 
0.8 
0.6 
0.4 
0.2 
0 
m = 
WR 
92 
97 
101 
102 
134 
140 
14 
WR-EG 
42 
52 
-
-
90 
79 
^agg 
in = 
WR 
54 
63 
93 
98 
113 
119 
= 16 
WR-EG 
45 
56 
53 
-
63 
82 
[m-4-m, 2Br + CmTAB] = 8 mM and 4 mM for m = 14 and 16, respectively. 
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Table 4.8: Various thermodynamic parameters of m-4-m, 2Br~ + CmTAB (m = 
14, 16) mixed micelles in WR and WR-EG (30 vol%) media at different 
temperatures. 
T/K 
AG! /kJmol' AHl /kJ mol* A5" /JK 'mol ' 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
298.15 
303.15 
313.15 
323.15 
-78.53 
-77.82 
-75.96 
-75.65 
-75.51 
-74.71 
-77.19 
-75.10 
-72.29 
-75.51 
-70.56 
-72.15 
-70.51 
-71.15 
-69.90 
-71.15 
WR WR-EG WR WR-EG WR WR-EG 
«iii^ J-m,2Br- = 1.0, m = 14 
-72.38 -25.07 ^6.90 179.32 85.48 
-73.00 -25.79 -49.07 171.60 78.94 
-73.10 -26.32 -51.44 158.52 69.17 
-74.78 -27.35 -55.54 149.47 59.53 
«m t^-ni,2Br- = 0.8, m = 14 
-70.90 -48.85 -49.89 89.41 70.45 
-70.10 -50.32 -51.17 80.45 6243 
-71.95 -54.34 -55.17 72.97 53.58 
-73.69 -55.78 -59.81 59.80 42.96 
«m-4-m,2Br- = 0.6, HI = 14 
-69.43 -42.76 -58.31 99.04 37.27 
-67.82 -46.00 -58.97 97.34 29.18 
-70.88 ^5.24 -65.36 80.83 17.63 
-70.42 -48.15 -67.98 74.29 7.58 
am^iii,2Br- = 0.4, in = 14 
-61.01 -30.53 -25.44 134.12 119.29 
-60.73 -31.84 -26.09 129.65 114.28 
-62.09 -32.52 -27.79 119.37 109.54 
-6241 -34.69 -29.27 112.85 102.55 
(contd.) 
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«iii-4-m, 2Br- = 0 .2 , m = 14 
298.15 -66.20 -56.55 -24.54 -21.49 139.73 117.59 
303.15 -70.74 -53.20 -27.01 -20.80 144.26 106.89 
313.15 -68.52 -55.34 -27.18 -22.47 132.00 104.98 
323.15 -66.75 -55.99 -27.70 -23.88 120.83 99.39 
«m-l-iii,2Br- = 0, HI = 14 
298.15 ^2.73 -38.71 -3.96 -14.16 130.05 82.34 
303.15 -42.03 -38.77 -3.98 -14.49 125.50 80.09 
313.15 -43.18 -39.46 -4.24 -15.33 124.36 77.05 
323.15 -43.71 -38.30 -4.44 -15.67 121.52 70.03 
«m^*-m.2Br- = 1'0» HI = 16 
298.15 -81.73 -67.79 -^9.72 -46.92 107.37 70.01 
303.15 -78.58 -70.13 -51.40 -48.50 89.65 71.33 
313.15 -76.69 -68.83 -54.84 -51.75 69.74 54.52 
323.15 -77.03 -70.78 -58.40 -55.11 57.63 48.49 
«iii-4-in, 2Br- = 0«8, HI = 16 
298.15 -78.10 -64.29 -48.69 -45.69 98.65 62.38 
303.15 -81.00 -59.84 -50.34 -47.24 101.16 41.58 
313.15 -78.65 -68.33 -53.71 -50.40 79.63 57.24 
323.15 -77.01 -58.48 -57.20 -53.68 61.31 14.87 
«ni-4-ni,2Br- = 0.6, HI = 16 
298.15 -66.04 -62.45 -43.10 -23.01 76.95 132.26 
303.15 -66.46 -64.20 ^4.56 -23.79 72.24 133.30 
313.15 -71.36 -59.38 ^7.55 -25.39 76.03 108.55 
323.15 -73.00 -63.61 -50.63 -27.03 69.21 113.19 
(contd.) 
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«m-«-in,2Br- " 0.4, IH = 16 
298.15 --66.00 -58.45 -50.70 -27.78 
303.15 -65.41 -55.02 -52.41 -28.72 
313.15 -64.33 -56.53 -55.93 -30.65 
323.15 -64.57 -57.87 -59.56 -32.64 
«m-4-in,2Br- = 0.2, m = 16 
298.15 -69.25 -62.99 -56.11 -25.97 
303.15 -67.41 -55.90 -58.01 -26.85 
313.15 -67.60 -65.28 -61.90 -28.65 
323.15 -67.75 -62.59 -65.92 -30.50 
«m-4-ni,2Br- = 0, HI = 16 
298.15 -45.96 ^4.95 -23.72 -16.78 
303.15 -46.83 ^5.39 -24.52 -17.34 
313.15 ^7.25 ^5.73 -26.16 -18.51 
323.15 -47.54 ^6.01 -27.86 -19.71 
51.33 
42.86 
26.85 
15.50 
44.05 
31.01 
18.19 
5.67 
74.59 
73.59 
67.35 
60.91 
102.85 
86.76 
82.67 
78.09 
124.16 
95.85 
116.99 
99.29 
94.50 
92.51 
86.93 
81.39 
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Table 4.9: Gibbs energy of transfer (AG,„„J values of m-4-m, 2Br~ + Cn,TAB (m 
= 14, 16) mixed micelles in WR-EG (30 vol%) mixed medium at different 
temperatures. 
TfK 
A(?» /kJmol' 
«, gemini 
1.0 
^gemini 
0.8 
''^gemini ^gemini a 
0.6 0.4 
gemini 
0.2 
a gemini 
14-4-14,2Br" + C14TAB 
298.15 6.15 4.61 2.86 9.50 
303.15 4.81 4.61 7.69 10.42 
313.15 2.86 5.23 -0.33 7.81 
323.15 0.87 1.41 1.73 8.75 
9.64 
17.54 
13.18 
10.76 
4.02 
3.26 
3.72 
5.41 
298.15 
303.15 
313.15 
323.15 
13.94 
8.45 
7.86 
16.37 
16-4-16, IBr-i-CfiTAB 
13.81 3.60 7.55 
21.16 2.26 10.38 
10.32 11.98 7.80 
18.53 9.39 6.70 
6.26 
11.51 
2.31 
5.16 
1.01 
1.44 
1.53 
1.53 
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I M - R 2Br + C, JAB to WR 
Kfodct Cwpena-i 
Cli-2/DoF 
R"I 
*0 
Al 
A2 
dx 
MO 
' 
0 
2.98537 
0.87874 
0024.11 
0.15277 
nwtfol 
60648E-6 
09999 
*o 
tO.03187 
10.00622 
±0.00232 
*0 00223 
14-4-14, ZBO/mM 
0.2 0 4 0.6 
114-4-14. 2Brl/mM 
14-4-14, 2Br + C, JAB hi WR 
Model C«pei»'t 
Chi"2/DoF 
R*2 
yo 
Al 
A2 
dx 
KO 
" 
0 
I76W2 
0.6I36S 
001578 
0 17765 
method 
0.00001 
0.99942 
±0 
^.02051 
iosasu 
*0.0OSJ7 
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0 . 4 -
T 0 . 3 -
0 2 -
0 1 -
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( IV ) 
r ' 1 » 1' 
14-4-14,2Br+C, J A B biWR 
Mnld CwpoM's mdhttl 
Chi'2/Drf - 6 4779E-6 
R"! > 0 99971 
^0 0 m 
Al I.SI968 tf.01312 
A2 0.56W M.0232X 
dx 0.02O25 *0 004fl4 
xO 0.2MI6 :tO0a37l 
' I ' 1 
0.1 0.2 0.3 
[14-4-14. 2Brl/mM 
0.2 0.3 
[14-4-14. 2Br'l/mM 
Figure 4.1: Plots of K VS. [total surfactant] for 14-4-14, 2Br" + C14TAB mixed 
micelles (agemini = 1-0, pure 14-4-14, 2Br~) in WR at different temperatures ((i) 
298.15 K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through 
fitting are shown in boxes. 
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0.00 0.05 0.10 0.15 0.20 0.23 
[Total surfactant] / m M 
0.10 0.35 
14-4-14. 3Br'^C, TABtaWR 
MMU CtfTMmfi method 
Chr2 - 0 00001 
R-J • OWrtl 
vO 0 
Al 2.53W 
A2 0MIS9 
ds OOISVS 
xO 0|lt663 
10 
10.02 3M 
10.03045 
±0 00475 
10.003311 
[Total surfactant] /mM 
14^14,2Br * C 
Modd CtfpcM'l 
CN-J/DoF 
R*2 
vO 
Al 
A2 
dx 
xO 
" 
0 
3.53773 
109633 
0 00913 
0.21641 
, J A B I i W R 
•Kdwd 
0.00008 
099945 
10 
±0 03137 
±0.0734* 
±001422 
±0.0045] 
)4-4.|4, 3Br * C, JAB )• WR 
Model Cvpen'i 
Chi-:/DoF 
R''2 
vO 
Al 
A2 
dK 
sO 
" 
0 
3.75871 
1.32509 
O045S 
0.2»426 
method 
0 00003 
09WMI 
±0 
10.02852 
±0,07782 
±000542 
±0.00487 
0.2 0.3 
[Total surfactant] / m M [Total surfactant] / m M 
Figure 4.2: Plots of AC VS. [total surfactant] for 14-4-14, 2Br~ + C14TAB mixed 
micelles (agemini = 0.8) in WR at different temperatures ((i) 298.15 K; (ii) 303.15 
K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through fitting are shown in 
boxes. 
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xO 
Cvpoa'* method 
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- 0.999S4 
0 
254172 
OJ0297 
001571 
0.11714 
lA 
±0.014 
±0.02144 
lOOOMn 
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§ 0 4 -
VJ J 14-4-14, Iftr '-vC TAf t toWR Model: Carpou^i method 
Chi''2flW 
R*2 
><> 
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A2 
dx 
xO 
-
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±0 
±0(M23S 
<0 11107 
±1)00742 
±00067 
0.00 0 05 0 10 0.15 0.20 0 25 0.30 0J) 0 40 
[Total surfactant] / m M 
0,00 0 05 0.10 0 15 0.20 0.25 0.30 0.35 0.40 
[Total surfactant] /mM 
1 0 -
0 > -
( 1 6 . 
0 . 4 -
0 . 2 -
(li.) 
/ 1 
144-14, I t r + C, J A B III WR 
MDdd:C«pcni-| method 
Cto*2rt>oF " O.OOOOS 
R'2 • 0.99961 
yO 0 ±0 
A l 2.S240S ±0.01762 
A2 1.1016* ±006621 
dx 0.01001 ±000742 
xO 027717 ±000508 
l 4 - » - l 4 . 2 » r + C „ T A B t a W l l 
Mode Cwpaw'i method 
Cht"2/DoF =• 00000.1 
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vo 
A l 
A2 
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xO 
= 0 999RR 
0 ±0 
3 7658 ±002352 
1.47201 ±0 17977 
003St9 ±0.00723 
0 3067 ±0.00956 
[Total surfactant) / m M 
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[Total surfactant] /mM 
—i 
0.5 
Figure 4.3: Plots of K vs. [total surfactant] for 14^1-14, 2Br" + CHTAB mixed 
micelles (agemini = 0.6) in WR at different temperatures ((i) 298.15 K; (ii) 303.15 
K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through fitting are shown in 
boxes. 
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Figure 4.4: Plots of/c vs. [total surfactant] for 14-4-14, 2Br" + CHTAB mixed 
micelles (agemini = 0.4) in WR at different temperatures ((i) 298.15 K; (ii) 303.15 
K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through fitting are shown in 
boxes. 
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Figure 4.5: Plots of ;c vs. [total surfactant] for 14-4-14, 2Br+ C14TAB mixed 
micelles (agemini = 0.2) in WR at different temperatures ((i) 298.15 K; (ii) 303.15 
K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through fitting are shown in 
boxes. 
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Figure 4.6: Plots of K VS. [total surfactant] for 14-4-14, 2Br" + C14TAB mixed 
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Figure 4.9: Plots of K VS. [total surfactant] for 14-4-14, 2Br~ + C^TAB mixed 
micelles (agemini = 0.6) in WR-EG (30 vol%) at different temperatures ((i) 298.15 
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are shown in boxes. 
258 
l 4 - 4 - l < » r » C „ T A I I a J < % t C 
Modfh Cwpcmfi method 
a^2/DoF -
R*2 
yf> 
Al 
A2 
dx 
KO 
• 
0 
0,«)697 
0.31963 
0.4S3M 
0.97357 
0.00023 
0.99966 
• 10 
iOnS69 
tf.00M7 
tO.t2032 
1025253 
14-4-14,3Br * C, J A B In 30 % EC 
Modd: CHpoMfi 
CJ«-2/DoF 
R"2 
VO 
Al 
A2 
ax 
xO 
• 
0 
0 9798:1 
0,35462 
0.088.39 
1 11709 
mdhod 
0.00012 
OWAS 
10 
1001421 
10 00227 
1003292 
10.02708 
[Total surfactant] /mM (Total surfactant] /mM 
l 4 - l - l < 2 B r > C , T A B l M M % t C 
Modd: CvpoM't mdhod 
Chi-24»oF -
R"2 
>o 
Al 
A2 
<bc 
xO 
" 
0 
1 21147 
044098 
0 25493 
r.22205 
0.00006 
0.99994 
10 
10 02401 
1O002S3 
*0,(«9«2 
100.1676 
I4-».14,2Br + C, J A B in M % EC 
Modd CaipeM' 
Chi^ J/DoF -
R*2 
yo 
Al 
A2 
dx 
xO 
" 
0 
1.39641 
0,5253 
009991 
1,43597 
mdhod 
0(XXM9 
099977 
*0 
*0 02153 
«0 00514 
*007435 
*« 03593 
[Total surfactant] / m M [Total surfactant] /mM 
Figure 4.10: Plots of K vs. [total surfactant] for 14^-14, 2Br~+ CHTAB mixed 
micelles (agemini = 0.4) in WR-EG (30 vol%) at different temperatures ((i) 298.15 
K; (ii) 303.15 K; (iii) 313.15 K; (iv) 323.15 K). Results obtained through fitting 
are shown in boxes. 
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Figure 4.11: Plots of K vs. [total surfactant] for 14-4-14, 2Br"+ CuTAB mixed 
micelles (agemini = 0.2) in WR-EG (30 vol%) at different temperatures ((i) 298.15 
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are shown in boxes. 
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Figure 4.13: Plots of K: vs. [total surfactant] for 16-4-16, 2Br+ C,6TAB mixed 
micelles in WR (i to vi) and WR-EG (vii to xii) mixed media at different 
temperatures (mole fraction of gemini surfactants have been shown in each 
graphs). 
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Figure 4.15: Deviation plots of CMC from CMC* for the micellization of 16-4-
16, 2Br" + CigTAB mixtures with mole fractions of the 16-4-16, 2Br~ in WR and 
WR-EG mixed media at different temperatures. 
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Figure 4.16: Deviation of micellar mole fraction, X^"'', from Z* for 14-4-14, 
2Br~ + C14TAB mixed micelles with mole fraction of 14-4-14, 2Br~ in WR and 
WR-EG mixed media at different temperatures. 
267 
-m-- Af,, WR 
- a Jr,', WR 
- • - X,. WR-EO 
- O X' WR-EO 
" i . ^ * 
Figure 4.17: Deviation of micellar mole fraction, X""'', from X'^ for 16-4-16, 
2Br~ + CieTAB mixed micelles with mole fraction of 16-4-16, 2Br~ in WR and 
WR-EG mixed media at different temperatures. 
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Figure 4.18: Variation of average interaction parameter, /?av, of m-4-m, 2Br + 
CmTAB mixed micelles with temperature in WR and WR-EG mixed media (m = 
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Figure 4.19: Linear plots between In (IQ/IQ) VS. [CigPC] for different systems at 
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